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PREFACE 


The union of clocks and science experiments in space is a natural one. On the one hand, time 
and frequency are the most precisely determined of all physical parameters, and thus are the 
required tools for performing the most sensitive tests of physical theories. Yet on the other 
hand, space affords the opportunity to make measurements of parameters inaccessible on 
Earth, and enables some of the most unique and sensitive tests of fundamental theories. 
Additionally, in some cases space represents a highly benign environment which can enhance 
the performance of precision clocks. 

The importance of clocks to science applications was recognized early on in the history of space 
science experiments. The Ultra-Stable Oscillator (USO) on board the Voyager spacecraft led to 
important measurements of parameters related to planetary atmospheres and rings, and 
opened the door for the search of long wavelength gravitational waves. Since that time many 
other such "radio science" experiments have been flown, and have produced a wealth of 
information in space science and planetary sciences. The advent of GPS has further advanced 
applications of space clocks for scientific investigations. GPS represents the first example of 
the orbital deployment of atomic clocks, the use of which has extended the opportunity for 
performing science experiments ranging from atmospheric occultation measurements to relativity 
physics. 

Yet the most precise experiment with clocks in space is the celebrated Gravity Probe-A mission 
which entailed a hydrogen maser standard on board a Scout rocket in a sub-orbital flight. This 
flight tested the redshift prediction of Einstein's General Relativity, and produced the most 
precise value for this parameter, which still stands today, some twenty years after its 
completion. The significance of the Gravity Probe-A is that it directly tested the Equivalence 
Principle, which underpins all metric theories of gravity. Since that mission, the only other 
atomic clocks used for science experiments in space are the GPS clocks mentioned above. 

In the past few years, new developments in clock technologies have pointed to the opportunity 
for flying ultrastable clocks in support of the science investigations of space missions. This 
development coincides with the new NASA paradigm for space flights, which relies on frequent, 
low-cost missions in place of the traditional infrequent and high-cost missions. The heightened 
interest in clocks in space is further advanced by new theoretical developments in various 
fields. For example, recent developments in certain Grand Unified Theory formalisms have 
vastly increased interest in fundamental tests of gravitation physics with clocks. 

In view of these developments the notion of a workshop devoted to the subject of Scientific 
Applications of Clocks in Space appeared timely. This idea was supported by the JPL Earth 
and Space Science Directorate and ultimately led to a workshop on November 7-8, 1996, at the 
Ritz-Carlton Hotel in Pasadena. The workshop was organized with the purpose of bringing 
together scientists and technologists interested in applications of ultra-stable clocks for test of 
fundamental theories, and for other science investigations. Three specific objectives were 
adopted: 1) to identify areas of fundamental and applied science that can particularly benefit 
from ultra-stable clocks in space, 2) To promote scientific collaborations, both in the U.S. and 
internationally, toward the realization of "Space Clock" missions, and 3) to review the latest 
developments in promising clock technologies suitable for space applications. The workshop 
included sessions on all related science including relativity and gravitational physics, 
cosmology, orbital dynamics, radio science, geodynamics, and GPS and other science, as well as 
a session on advanced clock technology. 
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PREFACE (continued) 


The two-day workshop brought together 57 participants from academia, government 
laboratories, and industry. There were 27 speakers from the United States, France, Germany, 
The Netherlands, Switzerland, and Australia in the four conference sessions. In the first session 
the presentations addressed the theoretical foundations for test of fundamental physics 
theories with clocks in space. The second session covered a discussion of previous seminal 
clock experiments on Earth, and GP-A, followed by the presentation of recent improvements in 
the performance of those clocks. The discussion of the emerging technologies of trapped ion 
clocks and clocks based on laser trapped and cooled atoms were covered in the third session. 
Finally, the fourth session included presentations on the role of clocks in various astrophysical 
and planetary experiments. 

The single major result emerging from the workshop was the consensus that ultra-stable clocks 
in space offer an important opportunity to improve on previous tests, as well as to perform 
new tests, seeking a violation of the Equivalence Principle. Such tests will complement the 
findings of STEP, and will provide a unique approach for examining the validity of nonmetric 
theories of gravity as recently predicted by certain Grand Unified Theory formalisms. "Space 
Clock" missions will also provide a valuable opportunity for performing spacecraft search of 
gravitational waves with improved sensitivity compared with previous tests, and complement 
experiments planned with the Cassini mission. Depending on the configuration and the 
trajectory, the "Space Clock" mission can also support other investigations such as accurate 
timing of gamma ray bursts, the improvement of radio science experiments, and GPS and its 
related science. 

I would like to acknowledge the support of Dr. Charles Elachi, Director of the Space and Earth 
Science Program Directorate (SESPD); Dr. Firouz Naderi, Manager of the Origins and 
Fundamental Physics Program, SESPD; and Dr. James Cutts, Manager of the Advanced 
Concepts Office, SESPD, who provided funds the Workshop. I would also like to thank Dr. 
Charles Edwards, Deputy Manager of the TMO Technology Program, for his support for the 
publication of this proceedings. 


— Lute Maleki 
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PHYSICAL LAW AND PRECISION CLOCKS 


Kenneth Nordtvedt 

Northwest Analysis, 118 Sourdough Ridge, Bozeman MT 59715 

kennordtvedt@mcn . net 

ABSTRACT 

The effects of proximate matter on the rates of clocks-as- 
physi cal -devi ces are discussed in terms of both underlying physical 
law and the Equivalence Principle. Three distinct types of clocks 
- oscillator, ruler and decay - are identified, though oscillator 
clocks are particularly discussed. Attention is given to the 
comparison between clock experiments and free-fall experiments as 
methods for searching for existence of new long range interactions. 
Clock experiments conducted close to the Sun would be competitive 
with today's free-fall experiments in probing physical law. 


Generalizing from the apparent equivalence between local 
physics in an accelerating coordinate frame and in gravity, 
Einstein predicted that clocks at diffent altitudes in a 
gravitational acceleration field (universal to all bodies) would 
show a relative frequency shift: 

v'-v « _ (1 j 

v c 2 

More globally, this expression integrates to yield the frequency 
shifts between clocks at different gravitational potentials: 

—■ - m-m (2) 

v c 2 if | R-R n | 

gravitational mass of bodies indicated. This global version of the 
gravitational frequency shift of clocks was most precisely 
confirmed almost two decades ago by NASA's Gravitational Probe A 
mission in which a hydrogen maser clock in sub-orbital flight 
through the Earth's gravitational potential communicated via one 
and two-way radar links with another ground clock [Vessot et al , 
1980]. Universality of gravitational free-fall rates ✓have been 
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confirmed both in the Earth laboratory [Su et al , 1994] * and to 
slightly higher fractional precision by using laser ranging between 
Earth and Moon as these bodies free-fall toward the Sun [Williams 
et al , 1996; Dickey et al , 1994]. The Earth's core material and 
the mantle-type material of the Moon and Earth shell are today 
found to accelerate equally to precision: 

1 a coie ~ ^mantle 1 ^ 15 * 10 -12 ( 3 ) 

5sun 


(My interpretation of the analyzed lunar laser ranging data 
concludes that this experiment actually confirms equality of free- 
fall by a factor of three or four higher precision than the 
conservative "realistic error" value given in (3)). 

If other long range (1/R 2 ) forces act between matter, however, 
it is expected that both the universality of free-fall rates and 
the universality of clock frequency shifts will be violated. In 
this paper I focus on the comparison between these two types of 
experiments as to their relative quantitative abilities to test for 
the existence of other very weak, but long range, interactions. 

A relationship between these two types of possible violations 
of Einstein's Equivalence Principle was developed some time ago for 
the case of "oscillator clocks" whose frequency is determined by 
the difference between two energy levels of a quantum system 
[Nordtvedt, 1975]: 


v 


osc 


E i -E j 


(4) 


A several step cyclic gedanken experiment was considered: 

1. At height h above the floor a quantum system originally in 
state A makes a transition to a state B and in the process emits a 
quantum (such as a photon) which propagates down to the floor. 

2. At the floor this quantum is absorbed and thereby excites 
an identical quantum system from state B up to a state A'. 

3. The system at height h and in state B falls freely to the 
floor and acquires speed: 


4 



vj = 2g B h 


(5) 


4. At the floor the two systems in states A' and B 
i nel asti cal 1 y interact, ending up in states A and B with the system 
in state A traveling upward at just the speed necessary to reach 
the original height h: 

v| = 2 g A h (6) 

Conservation of energy in the inelastic transition which took place 
at the floor required: 

M B [c 2 + -|vf J + M A ,C 2 « M b c 2 + M a \c 2 + -|vlj (7) 

Combining the several relationships (4-7) then yields a connection 
between the oscillator clock frequency shifts and the free-fall 
rates of the two quantum states: 

Mv(A)-v(0)) - (E a -E b )-(E a ,-E b ) = (M B g B ~M A g A )h (8a) 

which can be reorganized to give: 

v (h) -v (0) e _ gh 
v (h) c 2 

I will here reformulate this relationship to make it directly 
useful for testing an interesting class of possibilities in 

physical law that one or more of the dimensionless parameters 

of laboratory physics actually might vary in space-time by being 
related to some long range scalar field or entity. This 

possibility implies anomalous forces on any object: 

6 F a m O) 

da 

with a being some location-dependent dimensionless parameter in 
physical law. Two bodies then accelerate differently toward other 
bodies, the fractional difference of rates being: 


1 + 


M 9 b ~9a 


M„-M„ 


(8b) 
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with g = c 2 Vg 


( 10 ) 


S k S 1 m j 

( dE i 

\ 

Va 

9 1 

( E ida 

E k da) 

| Vu 


But this same positional dependence of the dimensionless parameter 
produces anomalous shifts of the oscillator clock rates (4): 


bv' ® 


lira 


da 


b a 


(11) 


Expressed as a fraction of the regular gravitational frequency 
shift, this anomalous clock effect is: 

6v ; a _ i djEj-Ej) 6a (12) 

8v E i~ E j da 


The ratio of gradients and changes for the dimensionless parameter 
and the gravitational potential which appear in (10) and (12) can 
be eliminated, leaving the desired connection between violations of 
the universality of free-fall rates and universality of clock 
frequency shifts which results if any dimensionless parameter of 
physical law varies in space-time: 

5 v / H 1 d(i?j - Ej ) da 1 d-k 1 (13) 

5v E i~ E j da dln^E k /Ei) \§\ 


Ruler and decay clocks are briefly defined in the later appendix to 
this paper. 

Applications to Hyperf i ne Clocks. 

The energy levels of clocks based on the hyperfine interaction 
have a specific dependence on the dimensionless parameters of 
physical law, determined in leading order by the products of the 
electron and nuclear magnetic moments and the inverse cube of 
electron orbit sizes: 


v 


hf 


1 _e>> ( >» 2 } 3 

"h m M ^jne 2 J 



(14) 
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On the other hand, different materials in free-fall experiments 
have fractional differences of their electromagnetic energy content 
of about a part in a thousand, this arising primarily from the 
coulomb energy between the nuclear protons. If the electromagnetic 
fine structure constant varies in space-time in proportion to 
inverse distance from other matter, and free-fall experiments are 
performed to the precision quoted previously (3), then the 
relationship (13) specifies the precision at which clock 
experiments must be performed to competitively test the varying 
fine structure constant hypothesis. Using (3), (13) and (14), I 
obtai n : 

4^ * 4 x 10 3 x 1.5 10‘ 12 « 6 1(T 9 (15) 

6 v 


If a clock is brought to four solar radii from the Sun where that 
body's gravitational potential reaches the level: 

U(R) S a 5 • 1 0 " 7 at 4 solar radii (16) 


then measurement of the clock's gravitational frequency shift to 
precision of about three parts in 10 ,s is a competitive experiment 
with today's best free-fall experiments. 

Such an experiment can be done two ways absolutely and 

differentially. In the absolute version of the experiment the 
strength coeffient for the inverse distance dependence of the 
clock's frequency shift is measured (by another clock on or near 
Earth) and compared with the Sun's Newtonian mass strength 
parameter f s determined from solar system dynamics, i.e.: 


. -Is* + 

dt 2 R 3 


(17) 


This parameter is sufficiently known to about a part in 10'° 
precision for the best-tracked planets such as Earth, Mars and 
Mercury . Such an absolute experiment also requires tracking the 
position of the spacecraft to better than 10 meters precision. 
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In the differential version of the experiment two precision 
clocks whose mechanisms depend differently on the fine structure 
constant are sent on a spacecraft which approaches the Sun. The 
shift in the frequency ratio of these two clocks on the spacecraft 
which varies as inverse distance from the Sun is measured. One 
needs neither a precision frequency link between spacecraft and 
Earth clocks, nor high precision knowledge of the position of the 
spacecraft. If one of these clocks is a hydrogen (hyperfine) maser 
clock, the other clock can not be a hyperfine clock based on a 
different atom, because all hyperfine clocks share at leading order 
the same dependence on the fourth power of the electromagnetic fine 
structure constant, though their individual frequencies are 
different multiples of this basic energy scale. 

The weak interaction can also be tested for anomalous 
behavior. Although the electromagnetic and weak interactions have 
been beautifully unified into the "electro-weak" interaction, and 
we therefore should expect that the "weak fine structure constant" 
in (18) would probably mirror the behavior of the electromagnetic 
fine structure constant, one can hypothesize that the Z meson mass 
varies anomalously with space-time location. The weak interaction 
contributions to hyperfine levels, resulting from the parity- 
conserving part of the charge-neutral Z meson exchange between 
hadronic quarks and the atomic electrons, then scale as: 


^ v hf (w) 


1 Jj 2 _el_ (jh!_y 3 _ e %( e 2 VYm V7 M Y Me 2 

^ AfJ c 2 V e 2 >icV>icJ\Af) \M Z J >1 


(18) 


These energies are about 10' r of the total hyperfine energy 
differences. On the other hand, the parity conserving weak 
interaction energy of the typical atomic nucleus is about 1CT 8 of 
the whole mass [Nordtvedt, 1972], while the fractional differences 
between nuclei only amounts to about a part in 10’° of the whole 
[Haugan and Will, 1976]. The basic relationship (13) for comparing 
free-fall and clock experiments then yields: 
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d v x 
5 v 


« 10 -7 x 10 10 x 1.5 10‘ 12 


« 1.5 10 


(19) 
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At four solar radii, hyperfine clock experiments precise to 
slightly better than a part in 10 15 would therefore be competitive 
in testing anomalies in the weak interaction. 

I have not considered possible space-time dependence of the 
strong interaction (quantum chromodynamics) dimensionless 
parameters. This dominant interaction of physics may also be 
coupled to long range scalar fields, however such coupling could 
probably be absorbed into the definition of the metric field, 
thereby showing none of the "non-metric" effects I have been 
discussing. For instance, if some strong interaction mass standard 
(such as a baryon mass) were space-time dependent, one may be able 
to define a new metric tensor field: 

M(f, t) 2 g(r, t)^ - g(f, t>; w (20) 

thereby revealing all gravitational effects to be those of 
alternative metric theories and quantified by the well known 
parameterized post-Newtonian (PPN) coeffients y, G, etc. 

Vector Interactions. 

Another possible source of gravity-imitating but material- 
dependent acceleration rates of bodies results from a long range 
vector field (analagous to the electromagnetic field) which would 
couple to some other conserved current in matter. The associated 
"charge" of such a current could, for example, be a linear 
combination of a body's baryon number and electron number (we have 
yet to detect baryon-to-1 epton conversions in physics): 

b a,z = Q a A + g z Z (21) 

The total gravi tat i onal -1 i ke force between bodies is then: 

F sk - ( BM s M k * B s B k ) (22) 

and the acceleration of a body "k" in the vicinity of the Sun is: 
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(23) 


A k - 



Since the B/M ratio of different materials varies by about a part 
in a thousand, free-fall experiments constrain the absolute size of 
the mater i al -dependent term in (23) to be less than about 10' 9 . But 
this vector interaction does not affect oscillator clock rates 
because the conserved charge B of a clock quantum system is common 
to the two relevant states defining the clock: 


= (gj +B 1 /R)-(E j + B j /R) 

y, 


Ej-Ej 


for B i = B j 


(24) 


An absolute measurement of the 1/R dependent clock frequency shift 
will therefore measure solely the gravitational mass of the Sun - 
GM(G) S - while solar system dynamics measures the entire coupling 
strength T Sk in (17) for inner planets Earth, Mars, Mercury. 

Appendix - Ruler and Decay Clocks. 

Oscillator clocks were previously defined by (4). "Ruler 
clocks" such as the superconducting cavity stabilized oscillator 
(SCSO) have rates depending quite differently on the dimensionless 
parameters of physics - their frequencies scaling simply as the 
speed of light divided by the atomic length scale: 


V ruler 




(25) 


"Decay clocks" are defined by the rate at which quantum 
systems make transitions from one state into another. Such rates 
can not be measured to anything like the precision with which 
oscillation frequencies are measured, nevertheless such decay 
clocks have interestingly different dependence on physical law. 
Many of them have rates determined by Fermi's "golden rule": 


r 



dn 

dE f 


(26) 
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If a decay clock is based on the weak interaction for its 
transition^ for example s the rate is determined almost entirely by 
the weak interaction hamiltonian rather than the overwhelmingly 
stronger nuclear and electromagnetic interactions. Hence an 
anomalous coupling of the weak interaction to gravity could result 
in a relatively large anomaly in the gravitational frequency shift 
of such clocks. 

There are other types of decay clocks. For instance s the rate 
of alpha decay of nuclei is governed by the tunneling integral for 
the alpha particle passing through the classically forbidden region 
of the combined nucl ear-el ectrostat i c potential: 


J 


r 


D 


exp -2 I 




yuan.)) 1 " * 

2 M a r 2 )) 


(27) 
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Gravity, Equivalence Principle and Clocks 


Thibault DAMOUR 


Institut des Hautes Etudes Scientifiques, 91440 Bures-sur- Yvette, Prance 
and DARC, CNRS - Observatoire de Paris, 92195 Meudon Cedex, Prance 


Abstract 

String theory suggests the existence of gravitational-strength scalar 
fields (“dilaton” and “moduli”) whose couplings to matter violate 
the equivalence principle. This provides a new motivation for high- 
precision clock experiments, as well as a generic theoretical framework 
for analyzing their significance. 


1 Introduction 

The basic question we wish to address is the following: given the existing 
experimental tests of gravity, and given the currently favored theoretical 
framework, can high-precision clock experiments probe interesting theoretical 
possibilities which remain yet unconstrained ? In addressing this question we 
wish to assume, as theoretical framework, the class of effective field theories 
suggested by modern unification theories, and notably string theory. 

To start, let us mention that the theoretical framework most studied in 
the phenomenology of gravitation, i.e. the class of “metric” theories of grav- 
ity [1], which includes most notably the “Brans-Dicke”-type tensor-scalar 
theories, appears as being rather artificial. This is good news because the 
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phenomenology of “non metric” theories is richer and offers new possibilities 
for clock experiments. Historically, the restricted class of “metric” theories 
was introduced in 1956 by Fierz [2] to prevent, in an ad hoc way, too violent 
a conflict between experimental tests of the equivalence principle and the 
existence of a scalar contribution to gravity as suggested by the theories of 
Kaluza-Klein [3] and Jordan [4]. Indeed, Fierz was the first one to notice that 
a Kaluza-Klein scalar would generically strongly violate the equivalence prin- 
ciple. He then proposed to restrict artificially the couplings of the scalar field 
to matter so as to satisfy the equivalence principle. The restricted class of 
equivalence-principle-preserving couplings introduced by Fierz is now called 
“metric” couplings. Under the aegis of Dicke, Nordtvedt, Thorne and Will a 
lot of attention has been given to “metric” theories of gravity 1 , and notably 
to their quasi-stationary-weak-field phenomenology ( “PPN framework” , see, 
e -g-, [1]). 

By contrast, we wish to stress that nearly all unification theories (from 
Kaluza-Klein to string theory) suggest that “gravitational interactions” are 
mediated not only by the tensor field (g^) postulated by Einstein, but also 
by one or more extra fields, having couplings which violate the equivalence 
principle. Among these extra fields the most universally present seem to be 
scalar fields, of the type of the “dilaton” of string theory. 

Recently, a mechanism has been proposed [5] to reconcile in a natural 
manner the existence of a dilaton field as a fundamental partner of the gravi- 
ton field g M1/ with the current level of precision (~ 1CT 12 ) of experimental 
tests of the equivalence principle. In the mechanism of [5] (see also [6] for 
metrically-coupled scalars) the very small couplings necessary to ensure a 
near universality of free fall, A a/ a < 10~ 12 , are dynamically generated by 
the expansion of the universe, and are compatible with couplings “of order 
unity” at a fundamental level. 

The point of the present paper is to emphasize the rich phenomenological 
consequences of dilaton-like fields, and the fact that high-precision clock ex- 
periments might contribute to searching for, or constraining, their existence. 

1 Note that Nordtvedt, Will, Haugan and others (for references see [1] and the contri- 
butions of Nordtvedt and Haugan to these proceedings) studied conceivable phenomeno- 
logical consequences of generic “non metric” couplings, without, however, using, as we do 
here, a motivated field-theory framework describing such couplings. 
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2 Generic effective theory of a long-range 
dilaton 


Motivated by string theory, we consider the generic class of theories con- 
taining a long-range dilaton-like scalar field <p. The effective Lagrangian 
describing these theories has the form: 

L.„ = r R (giw ) - 1 (V*,) 2 - ^ (V,A, - V„4,) 2 

- \$A 7 #1 (V m - iA^A + m A (ip) iJ) a iI>a] + • • • (1) 

A 


Here, q = Air G where G denotes a bare Newton’s constant, A fl is the elec- 
tromagnetic field, and 4>a a Dirac field describing some fermionic matter. 
At the low-energy, effective level (after the breaking of SU (2) and the con- 
finement of colour), the coupling of the dilaton ip to matter is described by 
the (^-dependence of the fine-structure “constant” e 2 (ip) and of the various 
masses m A (ip). Here, A is a label to distinguish various particles. [A deeper 
description would include more coupling functions, e.g. describing the ip- 
dependences of the U(1) Y , SU( 2) l and SU( 3) c gauge coupling “constants”.] 
The strength of the coupling of the dilaton ip to the mass m A (<p) is given 
by the quantity 

_ d In m A (ip 0 ) /oN 

rs > ( 2 ) 

d ip 0 

where po denotes the ambient value of p(x) (vacuum expectation value of 
p{x) around the mass m A , as generated by external masses and cosmolog- 
ical history). For instance, the usual PPN parameter 7 — 1 measuring the 
existence of a (scalar) deviation from the pure tensor interaction of general 
relativity is given by [7], [5] 


7 - 1 = -2 


®had 


1 + a? 


( 3 ) 


had 


where a ha d is the (approximately universal) coupling (2) when A denotes any 
(mainly) hadronic object. 

The Lagrangian (1) also predicts (as discussed in [5]) a link between the 
coupling strength (2) and the violation of the universality of free fall: 


& a — o-b 
\(a A + a B ) 


~ (a A - a B )a E 5 x 10 5 a^ad • 


( 4 ) 
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Here, A and B denote two masses falling toward an external mass E (e.g. 
the Earth), and the numerical factor —5 x 10 -5 corresponds to A — Be and 
B = Cu. The experimental limit [8] 

) = (-1.9 ± 2.5) x 10~ 12 (5) 

\ d / BeCu 

shows that the (mean hadronic) dilaton coupling strength is already known 
to be very small: 

oLdSlO- 7 . (6) 

Free fall experiments, such as Eq. (5) or the comparable Lunar Laser 
Ranging constraint [9], give the tightest constraints on any long-range dilaton- 
like coupling. Let us mention, for comparison, that solar-system measure- 
ments of the PPN parameters (as well as binary pulsar measurements) con- 
strain the dilaton-hadron coupling to arj^ < 10~ 3 , while the best current 
constraint on the time variation of the fine-structure “constant” (deduced 
from the Oklo phenomenon), namely [10] 


J 

— 6.7 x 10 _17 yr _1 < — In e 2 < 5.0 x 10 -17 yr -1 , (7) 

at 

yields from Eq. (17) below, ajj^ ^3 x 10~ 4 . 

To discuss the probing power of clock experiments, we need also to intro- 
duce other coupling strengths, such as 


&EM — 


d In e 2 (ip 0 ) 
d v?o 


(8) 


measuring the <£- variation of the electromagnetic (EM) coupling constant 2 , 
and 

_ d to Ei (<po) 

“•* = ’ (9) 

where Ejf is the energy difference between two atomic energy levels. 


2 Note that we do not use the traditional notation a for the fine-structure constant 
e 2 /47r he. We reserve the letter a for denoting various dilaton-matter coupling strengths. 
Actually, the latter coupling strengths are analogue to e (rather than to e 2 ), as witnessed 
by the fact that observable deviations from Einsteinian predictions are proportional to 
products of a’s, such as ocaoce, <*had! etc - • • 


16 



In principle, the quantity can be expressed in terms of more funda- 
mental quantities such as the ones defined in Eqs. (2) and (8). For instance, 
in an hyperfine transition 

E% oc (m e e 4 ) — e 4 F re \{Ze 2 ) , (10) 

m p 

so that 

A * ^ ( A d In F iel \ . . 

&A - 2 Ol e -Ci v + a E M 1 4 + - — e 2 J ■ (11) 

Here, the term F re i(^e 2 ) denotes the relativistic (Casimir) correction factor 
[11]. Moreover, in any theory incorporating gauge unification one expects to 
have the approximate link [5] 


o; A ~ (40.75 - In Y^y) “ EM > 
at least if tha is mainly hadronic. 


( 12 ) 


3 Clock experiments and dilaton couplings 

The coupling parameters introduced above allow one to describe the devia- 
tions from general relativistic predictions in most clock experiments [12]. Let 
us only mention some simple cases. 

First, it is useful to distinguish between “global” clock experiments where 
one compares spatially distant clocks, and “local” clock experiments where 
the clocks being compared are next to each other. The simplest global clock 
experiment is a static redshift experiment comparing (after transfer by elec- 
tromagnetic links) the frequencies of the same transition A* — > A generated 
in two different locations ri and r 2 . The theory of Section 2 predicts a redshift 
of the form (we use units in which c = 1) 

"djpl ~ 1 + (1 + < a E ) (U E (r 2 ) - U e ( n)) , (13) 

U A ( r 2) 


where 


U E ( r) = 


GrriE 

r 


(14) 
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is the bare Newtonian potential generated by the external mass mg (say, 
the Earth). Such a result has the theoretical disadvantage of depending on 
other experiments for its interpretation. Indeed, the bare potential U E is not 
directly measurable. The measurement of the Earth potential by the motion 
of a certain mass m B gives access to (1 + a B a E ) U E { r). The theoretical sig- 
nificance of a global clock experiment such as (13) is therefore fairly indirect, 
and involves other experiments and other dilaton couplings. One can gener- 
alize (13) to a more general, non static experiment in which different clocks 
in relative motion are compared. Many different “gravitational potentials” 
will enter the result, making the theoretical significance even more involved. 

A conceptually simpler (and, probably, technologically less demanding) 
type of experiment is a differential, “local” clock experiment. Such “null” 
clock experiments have been proposed by Will [1] and first performed by 
Turneaure et al. [13]. The theoretical significance of such experiments within 
the context of dilaton theories is much simpler than that of global experi- 
ments. For instance if (following the suggestion of [14]) one locally compares 
two clocks based on hyperfine transitions in alkali atoms with different atomic 
number Z, one expects to find a ratio of frequencies 


V A ( r ) ^ fiel {Za 6 2 (^1oc)) p-N 

^f(r) ~ F iel (Z B eHw 0C ))' K } 

where the local, ambient value of the dilaton field <pi oc might vary because of 
the (relative) motion of external masses with respect to the clocks (including 
the effect of the cosmological expansion). The directly observable fractional 
variation of the ratio (15) will consist of two factors: 


6 In 



d In F Te \(Z A e 2 ) 
d In e 2 


d In F re \(Z B e 2 ) 
d In e 2 


x 8 In e 2 . 


(16) 


The “sensitivity” factor in brackets due to the Z-dependence of the Casimir 
term can be made of order unity [14], while the fractional variation of the 
fine-structure constant is expected in dilaton theories to be of order [5], [12] 


6 In e 2 (t) = —2.5 x 10 2 a^ad 

— 4.7 x 10~ 3 K _1 ^ 2 (tan 0 O ) ^Ld Ho(t ~ to) ■ (17) 


Here, U(t) is the value of the externally generated gravitational potential at 
the location of the clocks, and H 0 ~ 0.5 x 10~ 10 yr _1 is the Hubble rate of 
expansion. [The factor kT 1 / 2 tan 9 0 is expected to be ~ 1.] 
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The (rough) theoretical prediction (17) allows one to compare quantita- 
tively the probing power of clock experiments to that of equivalence prin- 
ciple tests. Let us (optimistically) assume that clock stabilities of order 
8v/v ~ 10~ 17 (for the relevant time scale) can be achieved. A differential 
ground experiment (using the variation of the Sun’s potential due to the Earth 
eccentricity) would probe the level a^ad ~ 3 x 10 -6 . A geocentric satellite 
differential experiment could probe ~ 5x 10 -7 . These levels are impres- 
sive (compared to present solar-system tests of the PPN parameter 7 giving 
the constraint af iad ~ (1 — 7)/ 2 < 10“ 3 ), but are not as good as the present 
equivalence-principle limit (6). To beat the level (6) one needs to envisage 
an heliocentric differential clock experiment (a few solar radii probe within 
which two hyper-stable clocks are compared). Such a futuristic experiment 
could, according to Eq. (17), reach the level ~ 10~ 9 . [Let us also note 
that a gravitational ti m e delay global experiment using clocks beyond the 
Sun as proposed by C. Veillet (SORT concept) might (optimistically) probe 
the level o^ad ~ 10~ 7 .] It is, however, to be noted that a much refined test 
of the equivalence principle such as STEP (Satellite Test of the Equivalence 
Principle) aims at measuring A a/ a ~ 10 -18 which corresponds to the level 
a had ~ 10~ 14 , i.e. five orders of magnitude better than any conceivable clock 
experiment. 

4 Conclusions 

In summary, the main points of the present contribution are: 

® Independently of any theory, the result (7) of a recent reanalysis of the 
Oklo phenomenon [10] gives a motivation, and a target, for improv- 
ing laboratory clock tests of the time variation of the fine-structure 
constant e 2 (which are at the 3.7 x 10~ 14 yr _1 level [14]). 

« Modern unification theories, and especially string theory, suggest the 
existence of new gravitational-strength fields, notably scalar ones (“dila- 
ton” or “moduli”), whose couplings to matter violate the equivalence 
principle. These fields would induce a spacetime variability of the cou- 
pling constants of physics (such as the fine-structure constant). High- 
precision clock experiments axe excellent probes of such a possibility. 


19 



• The generic class of dilaton theories defined in Section 2 provides a 
well-defined theoretical framework in which one can discuss the phe- 
nomenological consequences of the existence of a dilaton-like field. Such 
a theoretical framework (together with some assumptions, e.g. about 
gauge unifi cation and the origin of mass hierarchy) allows one to com- 
pare and contrast the probing power of clock experiments to that of 
other experiments. 

® Local, differential clock experiments (of the “null” type of [13]) appear 
as conceptually cleaner, and technologically less demanding, probes of 
dilaton-motivated violations of the equivalence principle than global, 
absolute clock experiments (of the Gravity Probe A type). 

® If we use the theoretical assumptions of Section 2 to compare clock 
experiments to free-fall experiments, one finds that one needs to send 
and intercompare two ultra-high-stability clocks in near-solar orbit in 
order to probe dilaton-like theories more deeply than present free-fall 
experiments. Currently proposed improved satellite tests of the equiv- 
alence principle would, however, beat any clock experiment in probing 
even more deeply such theories. 

• At the qualitative level, it is, however, important to note that clock ex- 
periments (especially of the “global” , GPA type) probe different combi- 
nations of basic coupling parameters than free-fall experiments. This is 
visible in Eq. (11) which shows that contains the leptonic quantity 
a e — d In m e iectron/3 To without any small factor 3 . 
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**ABSTRACT** 

Inspired by developments in the technology of trapped-ion atomic frequency standards that promise 
to decrease the cost of a space clock mission significantly, we review some of the gravitation physics which 
motivates such a mission. The focus here is on physics that can be probed during a mission’s initial phase, 
while the clock is in Earth orbit. John Armstrong discusses the significance of searches for low-frequency 
gravitational waves that can be conducted during a second mission phase later in these proceedings. 

**MAIN BODY OF PAPER** 

When considering the possibility of flying an atomic frequency standard in space discussions of gravita- 
tion physics that could be explored almost invariably focus on precision measurements of the gravitational 
redshift and on searches for low-frequency gravitational waves using the Doppler-ranging technique first sug- 
gested by Estabrook and Wahlquist 1 . This is understandable. The former is a familiar test of the Einstein 
equivalence principle, the foundation upon which general relativity and all other metric gravitation theo- 
ries rest, while detecting gravitational waves is a timely challenge to experimenters that will open a unique 
window on large scale mass motions in astronomical processes. 

The purpose of this note is to reassess some of the motivation for a space clock mission stemming from 
gravitation physics. This review is inspired by the dramatic reduction in the cost of mounting a clock mission 
promised by advances in the technology of atomic frequency standards based on Hg+ ions confined in linear 
ion traps 2 . The combination of strong physics motivation and affordability suggest that the time for such a 
mission has come. 

In this note we draw attention to two types of Einstein equivalence principle test that are independent 
of redshift measurements and can be conducted during a space clock mission. We argue that these tests add 
significantly to the already strong motivation for such a mission. Regarding that motivation, note particularly 
that observing gravitational waves with frequencies less than about 10 Hz must be done from space and 
that this low-frequency band carries information about the largest scale astronomical mass motions. A 
clock mission could be used to search for these low-frequency waves with unprecedented precision as John 
Armstrong shows later in these proceedings. 

The notion of a space clock mission is not new. Indeed, rather detailed mission studies have already 
been performed. We base our remarks concerning gravitation physics that can be probed during a space 
clock mission on the Smarr et al. study 3 published in 1983. 

The Earth-orbit portion of the mission those authors considered features a clock with 10~ 15 stability 
on a satellite with commensurate ranging capabilities in an eccentric orbit with 24 hour period. That 
period makes it possible to monitor the clock’s range and frequency continuously from a single ground 
station. The clock’s range at perigee and at apogee are 1.5 x 10 4 and 5.7 x 10 4 kilometers. It follows 
that both the gravitational redshift and the second-order Doppler shift contribute at the 5 x 10“ 10 level 
to the perigee-apogee variation of the fractional difference between the frequencies of the ground station 
and orbiting clocks. Naively comparing this variation to the clock stability suggests that the redshift and 
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second-order Doppler shift could be measured to 2 parts in 10 6 . Smarr et al. estimate that this performance 
would be degraded by a factor of two or so by systematic errors in ranging and time transfer between the 
clocks. The dominant contribution to this error is noise introduced by the propagation of radio signals 
through the troposphere. Since the ability to compensate for such tropospheric noise has improved recently 4 
corresponding improvements in clock mission performance are likely. 

To appreciate the motivation for experiments and observations like measurements of the gravitational 
redshift consider the interplay between experimental and theoretical gravitation physics. One way of char- 
acterizing this interplay is to say that experimental gravitation physics distinguishes unviable gravitation 
theories from viable ones. Alternatively, since potentially viable gravitation theories almost invariably admit 
a Lagrangian formulation via an action principle, 

sjc(tp m ,i)g)d i x = 0, ( 1 ) 

where tp m and ip g denote matter and gravitational fields respectively, one may say that experimental gravi- 
tation physics aims to pin down the structure of the action (1). Indeed, one can begin with a general form of 
the scalar Lagrangian density L constructed from matter and (possible) gravitational fields, make physical 
predictions and adjust O s form as necessary to keep the predictions consistent with experimental outcomes. 

This approach to gravitation physics is analogous to effective field theory methods applied in particle 
physics. The form of an action (1) purporting to be that of a fundamental field theory would likely be 
constrained by technical demands like renormalizability or the validity of exotic symmetries, but effective 
field theories aspire only to account for low-energy physics and have more general structures. The focus on 
accessible energies is conservative in that it refuses to reject a possible form of the action (1) on such technical 
grounds. This conservatism seems wise since establishing the connection between a more fundamental 
theory’s structure and the low-energy physics it predicts is a itself a challenging problem. As evidence of 
this we note that effective field theory continues to be an important tool in low-energy hadronic physics even 
though, in principle, this physics is derivable from QCD. 

The significance of the Einstein equivalence principle is especially clear when one takes the view that 
experimental gravitation physics seeks to constrain empirically the form of the action (1). The principle’s 
modern formulation 5 states that the outcomes of nongravitational test experiments performed within a local, 
freely falling frame are independent of the frame’s velocity through and location in an external gravitational 
field. This makes operational statements and is, therefore, directly testable. On the other hand, it can be 
argued convincingly that the validity of this principle implies that gravity is a metric phenomenon, that 
a single symmetric-tensor gravitational field couples universally to all matter. Consequently, experimental 
tests of the Einstein equivalence principle directly constrain the structure of that part of the action (1) 
responsible for coupling matter to the gravitational field. Current theoretical efforts to quantize gravity and 
to unify it with the other fundamental forces of Nature indicate a need to sharpen these constraints since 
almost all of these speculations suggest that the purely metric account of gravitation must eventually fail. 
We say little here about principles and experiments that constrain the structure of the rest of the action (1), 
despite their importance, because it is primarily the physics of the Einstein equivalence principle that can 
be probed in new ways during the orbital phase of a space clock mission. 

To understand how the Einstein equivalence principle constrains (1) observe that this principle applies 
directly only to situations in which a local nongravitational system, like an atom whose transitions govern 
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the frequency of a space-borne clock, are immersed in an external gravitational field, . Matter equations 
of motion that govern the behavior of the nongravitational system follow from the action principle, 

sjc ng {7p m ,^)d 4 x = 0, (2) 

where the matter fields, rp m , are varied but the external gravitational field, ip g ^ is not. The Lagrangian 
density C ng consists of those terms of C that depend on matter fields. The outcome of an experimental test 
of the Einstein equivalence principle either forces C ng toward the metric form in which a single tensor field 
couples universally to all kinds of matter or reveals effects of nonmetric couplings between matter and the 
gravitational field that violate the Einstein equivalence principle. 

Tests of this principle are often interpreted within a framework provided by a general model of C ng which 
uses phenomenological potentials to represent an external gravitational field of interest. The THefi and \9 
formalisms 6 and their extensions 7 provide such model actions. Given any particular gravitation theory one 
can determine how the components of its gravitational fields are related to the phenomenological potentials 
appearing in a model action. The advantage of working directly in terms of the potentials is that tests of 
the Einstein equivalence principle can be be designed and interpreted in a theory-independent way. This 
approach also meshes nicely with heuristic discussions of familiar tests of the Einstein equivalence principle 
in terms of properties like the inertial and gravitational masses of test systems. For example, Eotvos-type 
experiments 5 establish the equality of a system’s inertial and passive gravitational masses to parts in 10 11 
regardless of the system’s structure or composition. Haugan 8 shows how to define a test system’s inertial 
and gravitational masses in formalisms of the type considered above so that the impact of a constraint like 
this on the form of the action (1) can be determined. 

As one thinks about a space clock mission it is important to realize that measurements of the gravita- 
tional redshift and second-order Doppler shift made with atomic clocks can also be related to inertial and 
gravitational masses, the masses of atoms in the two states involved in the transition that controls the clock 
frequency 8 in this case. This implies that while such measurements are tests of the Einstein equivalence 
principle their outcomes are not independent of those of Eotvos-type tests. A clever cyclic argument due 
to Nordtvedt 9 drives this point home by showing that one could build a perpetual motion machine if these 
tests were independent! 

Gravitational redshift and second-order Doppler shift measurements made during a space clock mission 
would be significant because they improve by more than an order of magnitude on the precision of previous 
direct measurements. The GPA experiment 10 achieved a precision of 7 parts in 10 5 , for example. On the 
other hand, GPA and a space clock mission directly measure a combination of the redshift and second- 
order Doppler shift that is sensitive to composition- and structure-dependence of inertial and gravitational 
masses in much the same way that Eotvos-type experiments are, and it turns out that testing the Einstein 
equivalence principle more stringently than those experiments do would require a space clock precision at 
least two orders of magnitude greater than that proposed. Consequently, space clock measurements of the 
gravitational redshift and second-order Doppler shift are important more as checks on the overall consistency 
of our conceptual framework for gravitation physics than as deep new tests of the Einstein equivalence 
principle. 

A space clock mission does, however, offer other opportunities to test new aspects of the Einstein equiv- 
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alence principle. Will’s recent analysis of an idealized space clock mission 11 reveals one. He shows that the 
expression for the second-order Doppler shift measured between the ground station and space clocks can 
include a term 2 aW ■ V, where V is the velocity of the space clock relative to the ground station clock 
and where W is the velocity of the Earth relative to the cosmic microwave background. In units of c, the 
magnitude of W is 1.3 x 10 -3 while that of V at perigee is about 3.2 x 10 -5 so the proposed clock mission 
could measure an a magnitude as small as 10~ 8 , nearly an order of magnitude smaller than the present 
limit set by a so-called Mossbauer rotor experiment 12 . The significance of such a measurement lies in the 
relationship that can be established between the value of a and the inertial masses of atoms in the states 
involved in the transition that controls the clock frequency. Reference 8 derives this relationship for a rotor 
experiment analyzed within the THep formalism, for example. Unlike Eotvos-type experiments and con- 
ventional space clock redshift- Doppler measurements, a measurement of a imposes a constraint directly on 
a system’s inertial mass rather than on its gravitational to inertial mass ratio. 

To see a second way in which a space clock mission can test a new aspect of the Einstein equivalence 
principle we must acknowledge a complication that we have ignored so far. The discussion above may 
leave the impression that a system’s inertial and gravitational masses are scalar quantities, as they are in 
elementary physics. However, for systems that are not spherical they are generally tensors 8 reflecting the fact 
that such a system’s gravitational potential and kinetic energies can depend upon its orientation in space. 
Experiments of the Hughes-Drever type 5,13 were developed to search for just such orientation dependence. It 
follows that they impose constraints directly on anisotropies of the inertial and gravitational masses of test 
systems. Performing a Hughes-Drever type experiment on a space clock mission would require that a 199 Hg+ 
clock frequency be monitored relative to a 201 Hg+ clock frequency on board the spacecraft. This would 
increase mission complexity marginally, but such an experiment would be the first sensitive to anisotropies of 
gravitational and inertial masses induced by the Earth’s own gravitational field. An analogous Earth-bound 
experiment might conceivably be as sensitive to gravitational mass, anisotropies, but the large magnitude of 
a space clock’s orbital velocity at perigee ensures that a space-borne experiment would be at least two orders 
of magnitude more sensitive to inertial mass anisotropies. Recent research dealing with gravitational and 
other interactions having finite ranges makes the search for Einstein equivalence principle violations induced 
by the Earth’s field alone particularly interesting. 
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Abstract 

Current spacecraft tests of general relativity depend on coherent radio tracking 
referred to atomic frequency standards at the ground stations. This paper ad- 
dresses the possibility of improved tests using essentially the current system, but 
with the added possibility of a space-borne atomic clock. Outside of the obvious 
measurement of the gravitational frequency shift of the spacecraft clock, a suc- 
cessor to the suborbital flight of a Scout D rocket in 1976 (GP— A Project), other 
metric tests would benefit most directly by a possible improved sensitivity for 
the reduced coherent data. For purposes of illustration, two possible missions 
are discussed. The first is a highly eccentric Earth orbiter, and the second a 
solar— conjunction experiment to measure the Shapiro time delay using coherent 
Doppler data instead of the conventional ranging modulation. 


1 Introduction 

The idea behind dynamical experiments with spacecraft is to fit a parameterized orbital 
model to radio Doppler data by weighted nonlinear least squares 1 ,2,3 . Because of the large 
number of observations, formal error estimates from the least-squares covariance matrix 
axe based on an assumption of independent measurements drawn from a Gaussian noise 
distribution. Reduced radio Doppler data are Gaussian, but if plasma noise dominates, their 
power spectral density follows an f -2 / 3 law arising from propagation of the radio carrier wave 
through the plasma 4 , where f is the Fourier frequency. The variance of spectral estimates of 
a signal roughly follows the same power law dependence as the noise spectrum, so gravity 
signals are better determined at higher Fourier frequencies. 

Data weighting is based on an assumed variance approximately equal to the variance of 
the Doppler residuals. This is about right for many gravity signals, where the peak Fourier 
components are around 2 x 10 -3 Hz. However, for signals at lower Fourier frequencies, the 
formal errors from the covariance matrix are usually multiplied by a factor of three or more 
in order to obtain best estimates of realistic standard error. 
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With an atomic clock on the spacecraft, it becomes possible to obtain simultaneous 
one-way Doppler (spacecraft transmitting, ground receiving) and two-way Doppler (ground 
transmitting and receiving). Systematic errors from first-order Doppler or signal propagation 
can be canceled to a level appreciably below the inherent noise, as demonstrated in the 1976 
SAO/NASA test of the gravitational redshift, Gravity Probe A (GP-A) 5 . By means of 
Doppler tracking at the NASA standard frequency in the X band (about 8.4 xlO 9 Hz or 3.6 
cm wavelength), a similar three-link system could provide Doppler data with a fractional 
frequency error Aujv of 5 x 10 -15 at a 1000 s sample interval. 


2 Highly Eccentric Earth Orbiter 

After encountering Venus, the Galileo spacecraft made two close approaches to Earth for 
purposes of gaining enough heliocentric orbital energy to reach Jupiter. These two Earth 
encounters have similar orbital characteristics to two orbits of a highly eccentric orbiter. The 
first Earth encounter on 8 December 1990 occurred at a perigee altitude of 960 km, while the 
second on 8 December 1992 occurred at a perigee altitude of 303 km. The first encounter, well 
above the region where atmospheric drag is important, experienced an anomalous apparent 
velocity increase of 4 mm/s at closest approach along the direction of motion. The second 
encounter was at a lower altitude where drag provided a velocity change contrary to the 
direction of motion of roughly 10 mm/s, but with a large uncertainty caused by unknown 
atmospheric density, hence it was not possible to determine whether or not an anomalous 
velocity increase occurred. 6 

The Tracking and Data Relay Satellite System (TDRSS) was used from high Earth orbit 
to provide continuous tracking of the 2.3 GHz Galileo carrier signal during perigee passage 
on the second encounter. Although it was impossible to check for a repeat of the anomalous 
velocity increase, because of atmospheric drag, there was an anomalous signal detected in 
the TDRSS tracking data prior to perigee. This signal could be significantly reduced by 
adjusting the Earth gravity model and by adding a single surface mass point just below the 
perigee location. However, these corrections to Earth gravity were inconsistent with the best 
gravity models provided by Earth satellites. 

A spacecraft having a highly eccentric Earth orbit and containing an atomic clock could 
obtain much higher sensitivity to anomalous signals than the Galileo spacecraft with its 
space-borne crystal oscillator. Given the problems with the orbital fits to the Galileo data, 
it seems worthwhile to proceed with accurate orbit determination of an orbiter. Although 
a mission dedicated to this one objective is not justified, a dynamics experiment could 
be included in a mission with the primary objective of measuring the gravitational redshift. 
Because the orbit determination would most likely be important to the redshift measurement, 
a dynamics experiment could be done at a small incremental cost. 


3 Solar Conjunction Experiment 

General Relativity predicts that photons passing near the Sun are deflected by an amount 7 


m») - 2(1 V )M - = 8 x 10-6 (^ r ) (t) 


(i) 
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where b is the impact parameter of the ray, M 0 = 1.5 km is the Sun’s gravitational mass in 
length units (GM 0 /c 2 * ), R & = 6.96 x 10 s m its radius, and 7 is a free parameter restricted to 
exactly unity in General Relativity. Experimental data are used to determine an empirical 
value for 7. Its current value and standard error are 7 

7 = 1.000 ±0.001 (2) 

The current value of 7 is consistent with General Relativity, and more accurate future de- 
terminations (by a factor of 100 or so) are expected to agree as well. However, this does not 
imply that more accurate tests are uninteresting. For example, a large class of alternative 
scalar-tensor gravitational theories contain a cosmological attractor mechanism that asymp- 
totically approaches General Relativity over cosmological time 8 ’ 9 . It is plausible that 7 may 
differ from unity by an amount of order 10~ 7 to 10 -5 . If such a discrepancy is confirmed, it 
could indicate the type of scalar-tensor theory governing cosmological evolution. 

Future Doppler experiments utilizing three or more tracking links perhaps offer the best 
opportunity for significantly improving the empirical value of 7. The effect of solar ray 
bending on the fractional Doppler frequency shift Av/v is of order 10 

( 3 ) 

where v « 10~ 4 c is a characteristic heliocentric orbital velocity for the spacecraft and 
tracking station. In principle, a Doppler accuracy of 5 xl0~ 15 over 1000 s for a three- 
link system, including a spacecraft atomic clock, could provide a signal to noise ratio for a 
measurement of 7 of order 4 to 16 xlO 4 . A measurement of 7 to an accuracy of 10 -5 may be 
feasible. However, a detailed feasibility study, including the important noise sources, must 
be performed before the expected error in 7 for any particular space mission is known with 
confidence. 
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Gravitational wave Search with the Clock mission 


J. W. Armstrong 

Jet Propulsion Laboratory, California Institute of Technology 

Doppler tracking of distant spacecraft is the only method currently available 
to search for gravitational waves in the low-frequency (~0.0001-0.1 Hz) band. In 
this technique the Doppler system measures the relative dimensionless velocity 
2Av/c = Af/fg between the earth and the spacecraft as a function of time, where Af 
is the frequency perturbation and fg is the nominal frequency of the radio link. A 
gravitational wave of amplitude h incident on this system causes small frequency 
perturbations, of order h in Af/fg, replicated three times in the observed record 
(Estabrook and Wahlquist 1975). All experiments to date and those planned for the 
near future involve only “two-way” Doppler — i.e., uplink signal coherently 
transponded by the spacecraft with Doppler measured using a frequency standard 
common to the transmit and receive chains of the ground station. If, as on the 
proposed Clock Mission, there is an additional frequency standard on the spacecraft 
and a suitable earth-spacecraft radio system, some noise sources can be isolated and 
removed from the data (Vessot and Levine 1978). Supposing that the Clock 
Mission spacecraft is transferred into a suitable interplanetary orbit, I discuss here 
how the on-board frequency standard could be employed with an all-Ka-band radio 
system using the very high stability Deep Space Network station DSS 25 being 
instrumented for Cassini. With this configuration, the Clock Mission could search 
for gravitational waves at a sensitivity limited by the frequency standards, rather 
than plasma or tropospheric scintillation effects, whenever the sun-earth-spacecraft 
angle is greater than 90 degrees. 


I. Introduction 

The general idea of combining a mission to measure gravitational redshift with one to 
search for low-frequency gravitational radiation is due to R. F. C. Vessot and colleagues (Vessot 
and Levine 1978; Smarr et al. 1983) and is at least 18 years old. Anticipating that phase 
scintillation due to wave propagation through the troposphere, ionosphere, and the solar wind 
would be a leading noise source, Vessot and Levine (1978) proposed an elegant symmetrical radio 
system to cancel or drastically reduce these noises. Here I propose gravity wave observations 
based on an alternate radio system involving 3 links, all at Ka-band (~32 GHz): an uplink driven 
by a high quality frequency standard on the ground, a downlink coherent with this uplink, and a 
second downlink referenced to a high-quality frequency standard on the spacecraft One thus gets 
one “two-way” Doppler observable and one “one-way” Doppler observable, each associated with a 
very stable frequency standard. The use of Ka-band reduces the charged particle scintillation noise 
(ionosphere and solar wind) to below the residual uncalibrated tropospheric noise for observations 
in the anti-solar hemisphere. The discussion below shows how the one-way link can be used 
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either to correct the two-way data for tropospheric scintillation or to contribute to the pattern- 
recognition for gravitational signals. 


II. Doppler Technique and Low-Frequency Gravitational Waves 

For a very thorough review of gravitational radiation, including detection techniques and 
expected wave strengths, see Thome (1987). Briefly, in General Relativity gravitational waves 
(GWs) are propagating, polarized gravitational fields which change the distance between separated 
test masses and shift the rates at which separated clocks keep time. They are characterized by a 
dimensionless strain amplitude, h = AH/1. ~ Av/c where i is the fiducial distance between the 
masses and Av is the change in relative speed of the test masses associated with the GW. Like 
electromagnetism, GWs are transverse, have two independent polarization states and propagate at 
the speed of light. Unlike electromagnetism, GWs are extremely weak. This extreme weakness 
has two consequences. First, GWs are only generated at potentially detectable levels by extremely 
massive objects undergoing extremely violent dynamics, i.e. by astrophysical sources. Second, 
because of the extreme weakness there is negligible scattering or absorption by intervening matter. 
GWs thus preserve information about the generation of the waves in the deep interiors of 
astrophysical sources, not about the last scattering surface. 

Detection methods depend on the time scale of the radiation (Thome 1987). At high 
frequencies (f > 10 Hz), resonant bars and laser interferometers are used. In resonant bars the GW 
excites an acoustic wave which is read out with a transducer. In laser interferometers the test 
masses at the ends of the interferometer arms are perturbed as the GW passes, giving rise to a 
change in relative arm length and thus a fringe shift. For frequencies lower than about 10 Hz, it 
becomes prohibitively difficult to isolate any ground-based apparatus from seismic noise and time- 
variable environmental gravity gradient noise. To search for this longer wavelength radiation all 
the test masses must be put into space. 

Currently the only method sensitive to low-frequency GWs is Doppler tracking of distant 
spacecraft (Estabrook and Wahlquist, 1975), although there are proposals to place very sensitive 
laser interferometers in space in the future. In the Doppler tracking method, the earth and 
spacecraft act as free test masses and the (two-way) Doppler tracking system measures the relative 
dimensionless velocity 2Av/c = Afyf 0 . A gravitational wave of amplitude h incident on the system 
causes Doppler perturbations of order h * Av/c. The waveform is replicated three times in the two- 
way tracking record (Estabrook and Wahlquist, 1975). The sum of these three perturbations in the 
Doppler record is zero; thus the low-frequency band edge is set by pulse cancellation to be -1/T2 
where T 2 is the two-way light time. (The low frequency band “edge” is soft, however; the 
Doppler response to a signal of duration % > T 2 is proportional to T 2 /t, giving degraded but non- 
negligible sensitivity even to very low frequency waves.) The high frequency band limit is set 
mainly by the stability of the frequency standard driving the link and by finite signal-to-noise ratio 
on the downlink. Thus to perform a low-frequency experiment, one needs a “reasonable” earth- 
spacecraft distance (for good response to the lowest frequencies), the spacecraft in cruise and as 
operationally quiet as possible (far from perturbing masses and with minimal unmodeled motion of 
the spacecraft), high radio frequency (or multiple links for tropospheric and charged particle 
calibration), and of course a highly stable ground system driven by a high-stability frequency 
standard. 
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IH. Principal Noise Sources 

Attempts to detect GWs must deal with other variations in the Doppler record. After all 
“deterministic effects” (such as orbital signature) have been removed, the principal sources of 
variability in the Doppler record are: frequency and timing system (FTS) noise; propagation noise 
(an extended medium — the solar wind — and media that are localized very close to the antenna — 
ionosphere and solar wind); thermal noise; spacecraft antenna unmodeled motion; ground antenna 
unmodeled motion; ground electronics and FTS distribution; spacecraft transponder noise; 
spacecraft buffeting; gravitational radiation; and systematic errors. These noises enter the 
observable via transfer functions (Estabrook and Wahlquist, 1975; Armstrong 1989) which are in 
general different from the three-pulse response function of the system to gravitation radiation. If 
indicates convolution, the time series can be modeled as: 

y(t) = Af(t)/fo = solar wind plasma(t) * [S(t) + 5(t - T 2 + 2x/c)] + 
ionospheric plasma(t) * [8(t) + 8(t - T 2 )] + 
troposphere(t) * [S(t) + 8(t - T 2 )] + 
ground station buffeting(t) * [8(t) + 8(t - T 2 )] + 

FTS(t) * [8(t) - 8(t - T 2 )] + 

2 x spacecraft antenna residuals(t) * 8(t - Tj) + 
ground electronics(t) + FTS distribution^) + 
thermal(t) + 

spacecraft transponder(t) * 8(t - T j) + 
spacecraft buffeting(t) * S(t - T j)+ 

gravity waves(t) * [(n - l)/2] 8(t) -|lS[t- (1/2)(1 + p)T 2 ] + [(1 + p.)/2] S(t - T 2 ) + 
systematic errors(t) 

where Tj and T 2 are the one- and two-way light times to the spacecraft, x is the distance of a solar 
wind plasma cloud from the earth, and p. is the cosine of the angle between the GW wavevector 
and a vector with its foot at the earth and its arrow at the spacecraft. A treatment of the noise 
sources and their spectra for a Ka-band observation is given by Riley et al. (1990); refinements of 
that model, based on the X-band Mars Observer observations in 1993, are given by Armstrong 
(1996) and Armstrong et al. (1997). For a properly-designed experiment at Ka-band, the leading 
noise sources will be the FTS and the residual troposphere after calibration. 

Figure 1 shows the spectra of the principal noises for observations at S-, X-, and Ka-band. 
The power spectrum of y = Afifo, Sy(f), is plotted versus Fourier frequency on log-log scales. In 
some cases, measurements expressed as Allan deviation versus integration time have been 
converted to Sy under the assumption that Sy has a smooth powerlaw spectrum. References for 
the data are: Vessot and Levine (1978) for the GP-A raw S-band data; Armstrong, Woo, and 
Estabrook (1979) for the charged particles at elongations of 90 and 180 degrees, Keihm (1995) for 
the uncalibrated Goldstone winter troposphere, Armstrong and Sramek (1982) for the VLA 
troposphere; Cassini Project, Document PD 699-501 (1995) for the stability of ground station plus 
residual uncalibrated troposphere for the gravity wave experiment. The Mars Observer X-band 
spectrum is unpublished, and the line marked 'frequency standard' is for a frequency standard with 
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stability of 7 x 10 -16 at 10 4 seconds and degrading as t~ 1/2 for shorter integration times. It is clear 
that the tropospheric calibration is crucial for Ka-band observations. 


IV. A Specific Configuration Using Ka-Band Tracking Links 

Any low-frequency gravity wave experiment added to a mission principally intended for 
redshift observations will necessarily increase the cost, if only because of the necessity to transfer 
the spacecraft to interplanetary orbit. Thus it is essential that the incremental cost be both low and 
credible (especially if the Clock Mission were to be proposed to a SMEX announcement of 
opportunity). Is there a way to get most or all of the sensitivity of a symmetrical multi-link system 
by building on a capability already in place? 

In the Cassini-era (> April 2001), DSS 25 at Goldstone will be instrumented for high 
sensitivity two-way Ka-band tracking in support of Cassini radio science investigations, including 
an elaborate tropospheric calibration system. What would the sensitivity be if we were able to take 
advantage of the investment that the Cassini Project and DSN will have already made? In 
particular, suppose the Clock Mission had a simplified-version of the Cassini-heritage radio 
system: Ka-band two-way, plus a one-way downlink Doppler referenced to the high-quality on- 
board frequency standard required for the redshift experiment. 

It is clear from Figure 1 that the two way link would be limited by frequency standard or 
residual troposphere noise for observations made in the antisolar direction, since the high radio 
frequency has drastically reduced charged particle effects compared to these other noises. Figure 2 
shows how one might employ the extra information from the one-way link. The top diagram in 
Figure 2 is a space-time plot showing the earth and the spacecraft with some of the microwave 
photon paths illustrated. The gravity wave signature for a wavevector 60 degrees from the earth- 
spacecraft line is shown for the two-way and one-way links. If the tropospheric calibration is as 
good as expected, then this “5-pulse” response could be used in the GW pattern recognition 
algorithm. Alternatively, one could use the one-way data themselves to correct for the 
troposphere. Illustrated in Figure 2 are the tropospheric response functions for the two- and one- 
way links. One can cancel the troposphere to the level of the clocks by forming the observable 
D 2 O) - (D|(t) + Dj(t + T 2 )), shown in the bottom panel. This might be operationally preferable to 
the tropospheric calibration scheme and might be the most effective use of the one-way link. With 
this tropospheric cancellation or with calibration using water vapor radiometers, GW sensitivity at 
the Cassini-level would be possible for observations with elongation >150 degrees; slightly 
degraded sensitivity would be possible to elongation =90 degrees (i.e., an observing duty cycle of 
~ 1/2 year per year can be contemplated). 

As a variation on this theme, one can also consider a configuration where one-way Doppler 
is additionally read out at the spacecraft and telemetered to the ground. This would require 
additional spacecraft instrumentation (the Doppler readout system). This provides the two-way 
and one-way signals described above, and another one-way signal received on the spacecraft. As 
before, this configuration gives the opportunity to use the data themselves to correct for the 
troposphere, and now there is the potential for a “7 -pulse response” to gravitational waves: three 
pulses on the two-way link and two pulses on each of the one-way links. This offers a very 
powerful signature for rejection of false alarms. 
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'¥. Some practical considerations 

Adding a low-frequency GW experiment to a predominately earth-orbiting redshift 
experiment, although highly-desirable from a science viewpoint, does require additional cost and 
complexity to transfer the spacecraft to an interplanetary orbit. Also there is a possible power 
consideration: the maximum two-way light time might be set by the distance over which solar 
power is practical, thus limiting Fourier bandpass to f > 0.001 Hz (or so). (This is not as bad as it 
might seem — as noted above, the transfer function for waves of duration x > two-way light time is 
geometry-dependent and only falls off as (two-way light time)/x, asymptotically, so sensitivity 
degrades gracefully at the low-frequency band “edge”.) Finally, there is probably additional 
complexity in the attitude control system — the spacecraft would have to point a Ka-band high-gain 
antenna accurately enough for these observations. 


VI. Conclusions 

Low-frequency gravity wave observations are a natural science addition to a redshift 
experiment. A Clock Mission with Ka-band radio links could reach gravitational wave sensitivity 
set by clock stability, not charged particles, at sun-earth-probe angles greater than 150 degrees. 
With minimally degraded sensitivity, observations could be made for solar elongations as small as 
90 degrees (i.e., with a duty cycle of ~l/2 year of observations/year.) The use of a Ka-band radio 
system builds on ground-system investment for Cassini (station stability and tropospheric 
calibration); one would then get a Cassini-sensitivity experiment (at least for high-frequencies: 
f > 0.001 Hz) for a small incremental cost. As proposed here, “5- or 7-pulse response” allows 
tropospheric calibration plus some sensitivity improvement in signal processing (the efficacy of 
which will depend on waveform). The real utility of a 5- or 7 -pulse-response, however, is 
tropospheric calibration and removal of systematic effects and false alarms, not SNR improvement. 
Finally, adding a gravity wave search to the Clock Mission fits in with the Zeitgeist — testing 
fundamental effects at the “right price”. 
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log 10 (Fourier frequency, Hz ) 


Figure 1. Power spectrum of y = Af/f 0 , Sy(f), versus Fourier frequency, for major noise sources. 
In some cases measurements expressed as Allan deviation versus integration time have been 
converted to Sy under the assumption that Sy is a smooth powerlaw. See text for references to the 
observations. 
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Abstract 

The basic role of the hypothesis of locality in the theory of relativity 
is discussed. A consequence of this assumption is the accelerated clock 
hypothesis (ACH). The limitations of ACH are investigated and com- 
pared with experimental data. The possibility of using highly accurate 
clocks to test various aspects of general relativity is emphasized. 
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1 Introduction 


General relativity (GR) is the most successful relativistic theory of the grav- 
itational field inasmuch as it is in agreement with all available observational 
data. The basic elements of this theory may be summarized as follows. 

Lorentz Invariance connects the measurements of ideal inertial observers 
in Minkowski spacetime. All actual observers are accelerated. It is therefore 
necessary to extend physical laws to accelerated observers; this is done in 
relativity theory via the hypothesis of locality. 

The Hypothesis of Locality states that an accelerated observer in Minkowski 
spacetime is at each instant equivalent to a momentarily comoving inertial 
observer. Standard measuring devices are defined to conform with this as- 
sumption; thus a standard clock measures proper time. The laws of physics 
can be pointwise extended to all observers in Minkowski spacetime via the 
hypothesis of locality. To extend these laws further to observers in gravita- 
tional fields, Einstein’s principle of equivalence is indispensable. 

Einstein’s Principle of Equivalence postulates a pointwise equivalence 
between an accelerated observer in Minkowski spacetime and an observer in 
a gravitational field. This cornerstone of GR is based on the equivalence of 
inertial and gravitational masses. Einstein’s principle of equivalence together 
with the hypothesis of locality implies that an observer in a gravitational field 
is pointwise inertial. The simplest way to connect such local inertial frames 
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is to assume a curved spacetime manifold whose Riemannian curvature is 
the gravitational field. 

The Gravitational Field Equations must connect the spacetime curvature 
with the energy-momentum tensor of matter and fields, thereby generating 
a natural generalization of Newtonian gravitation. The simplest possibility 
is provided by the Einstein field equations of GR [1]. 

The purpose of this brief description of the foundations of GR has been 
to place the hypothesis of locality in its proper context in the hierarchy of 
notions that underlie GR. 

2 Accelerated Clock Hypothesis 

The hypothesis of locality has its origin in Newtonian mechanics: the two 
observers in this hypothesis have the same state (i.e., position and velocity). 
The ACH thus refers to this local immateriality of acceleration for standard 
clocks. However, a realistic accelerated measuring device (“clock”) is af- 
fected by inertial effects that can be neglected if they do not integrate to 
any measurable influence over the length and time scales characteristic of 
the measurement. 

It is permissible to replace the curved worldline of an accelerated observer 
at each instant by its tangent if the intrinsic length scale of the phenomenon 
under observation (A) is negligible compared to the acceleration length ( L ). 


43 


Here A could be the wavelength of electromagnetic radiation or the Compton 
wavelength of a particle, and L is the natural length that can be formed 
from the acceleration and the speed of light in vacuum c; thus, L = e 2 /g for 
translational acceleration g, while L = c/Cl for rotation of frequency Cl. The 
ACH is exactly valid if A /L = 0, i.e. either A = 0, so that the phenomena 
could be expressed in terms of pointlike coincidences , or L = oo, so that 
g = 0 and = 0 and hence the observer is inertial. The deviation from the 
ACH is thus expected to be proportional to A /L. In practice, such effects are 
very small; for the Earth, c 2 /g ss 1 lyr and c/Cl « 28 AU. A detailed analysis 
reveals that the deviations under consideration here have been negligibly 
small in all experiments performed thus far that have searched for a direct 
dependence of clock rate upon acceleration [2]. 

To illustrate these ideas, let us imagine an observer rotating uniformly 
with frequency Cl about an axis and a plane monochromatic electromagnetic 
wave of frequency u and definite helicity propagating along the axis of ro- 
tation. If the observer is assumed to be instantaneously inertial according 
to the hypothesis of locality, then u' = 7 uj by the transverse Doppler effect. 
However, the electromagnetic field appears to rotate with frequency ui—CIot 
uj+CI about the direction of propagation depending on whether the wave has 
positive or negative helicity, respectively. A detailed treatment reveals that 
(*>' = 7 (uj q: fl) = 7w(l q: CI/oj), where Cl/ uj = X/(2ttL) with L = c/Cl. A pe- 
culiar aspect of this phenomenon is that the wave can stand completely still 
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with respect to the rotating observer (i.e., u/ = 0 for positive helicity waves 
with uj = Cl). In terms of energy E' = 7 {E ^ Ml), where the “interaction” 
term is due to the coupling of helicity with rotation. This electromagnetic 
effect has yet to be observed; however, a similar spin-rotation coupling for 
spin | particles with H = —a • Cl has been verified experimentally [3] . Such 
spin-dependent interactions were investigated by Wineland and Ramsey in 
1972 [4]. The effect due to Earth’s rotation is very small, TiCl ~ 10~ 19 
eV; nevertheless, the coupling of intrinsic spin to the rotation of the Earth 
has been detected recently via the experiments of Wineland et al. [5] and 
Venema et al. [6]. 

The natural way to think about such effects is to assume that matter 
waves propagate with respect to an underlying Minkowski spacetime and 
hence spin keeps its aspect with respect to the inertial frame. Prom the 
viewpoint of the rotating observer, the spin would then be precessing in 
the opposite sense and this apparent motion is expressed in quantum me- 
chanics by the spin-rotation Hamiltonian. In a similar way, one expects 
that intrinsic spin should precess in the gravitomagnetic field of the Earth 
just like a GP-B gyroscope, and this spin-rotation-gravity coupling is ex- 
pressed by H = —a ■ Cl + <7 • fipi where fip is the dragging frequency of 
the local inertial frames and ftfip ~ 10~ 29 eV for the Earth. The dragging 
frequency is position-dependent; therefore, the spinning particle is subject 
to a force. This gravitomagnetic Stern-Gerlach force violates the principle 


45 



of equivalence, since the weight of a particle with spin up would in general 
be different from its weight with spin down [3]. The violation is propor- 
tional to the ratio of the Compton wavelength of the particle and L = c/fl; 
for a laboratory test with neutrons or protons, this ratio is extremely small 
(~ 10 -28 ). One can only hope that such a basic relativistic quantum gravity 
effect may become measurable in future via improvements in spin-rotation 
experiments [5, 6] or atom interferometry [7]. 

3 Standard Clocks and Gravitomagnetism 

The spacetime interval contains many aspects of the gravitational field that 
could be studied using standard clocks; in this connection, a gravitomagnetic 
effect [8] that is briefly described below is of particular interest. 

Imagine a clock in a circular equatorial orbit about a rotating mass. Let 
t + (t_) be the period qf this geodesic motion in the same (opposite) sense 
as the rotation of the mass. If the orbital radius r is much larger than the 
gravitational radius of the body, r 2 GM/c 2 , then it can be shown that 

. ( 1 ) 

where the quadrupole and higher moments of the central body (of mass M 
and angular momentum J) have been neglected. The gravitational effect 
under consideration becomes independent of the coupling constant G in this 
approximation; this situation can come about as a result of integrating a 
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small quantity over a long interval. Absence of G in equation(l) indicates 
that the effect might be “large”. Moreover, the effect is independent of 
orbital radius r in this approximation; in fact, this gravitomagnetic effect 
is reminiscent of the topological Aharonov-Bohm effect. For Earth orbits, 
r+ — t_ ks 2 x 10 -7 sec. The effect comes about as a result of a coupling 
of the azimuthal orbital motion with the rotation of the central body; thus, 
the effect vanishes for a polar orbit. 

The influence of the gravitomagnetic potential on clock synchronization 
via light signals has been the subject of investigations by Cohen, Rosenblum, 
and coworkers [9]. They considered the “synchronization gap”, which turns 
out to be essentially equivalent to the difference in the time that it would take 
for the rays of light to traverse a path all around a rotating mass in opposite 
directions [8], Such experiments in the solar system have been discussed by 
Davies and Lass [10]. The effect is smaller than in equation (1) by a factor 
that is proportional to the gravitoelectric potential $ = GM/(c 2 r), which 
is < 10~ 9 for the Earth. 
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Abstract 

The origin of the large scale structure in the universe — galaxies, quasars, 
clusters, voids, sheets — is one of the most important questions in cosmology. 
One can show that some non-thermal energy density fluctuations must have 
been present in the early universe. These fluctuations grew by gravitational 
instability to form the observed structures. There are at present two families 
of models to explain the origin of these initial fluctuations: inflationary models 
and topological defect scenarios. Current observational developments provide 
a link with theoretical predictions, allowing us to test our theoretical models. 
In this contribution, I present a sketch of the current status of the origin of 
cosmological structure formation. 


1 Introduction 

At present, our understanding of the evolution of the observed universe rests on 
the hot big bang model, which, being particularly successful, is considered as the 
standard cosmology. In favor of this model, there is direct evidence which extends 
back to about 10“ 2 sec after the explosion, at the onset of primordial nucleosynthesis. 
Combining theories of fundamental physics at ultra-high energies, with the notion 
that standard cosmology is very robust, allows us to speculate about the history of 
our universe at times as early as 10~ 43 sec after the bang. 

The standard cosmology, described by the Priedmann-Robertson- Walker metric, 
lies upon three theoretical pillars: (i) the Einstein’s general theory of relativity, which 
determines the dynamics of the universe; (ii) the cosmological principle, which states 
that the universe is homogeneous and isotropic on large scales; and (iii) a perfect 
fluid description of the matter content. On the other hand, its main observational 
pillars consist of: (i) the Hubble’s redshift-distance relation, showing that the uni- 
verse is expanding; (ii) the existence of a blackbody cosmic microwave background, 
discovered in 1965 by Penzias and Wilson [1]; and (iii) the agreement between ob- 
served and theoretically determined, according to nucleosynthesis, abundances of 
light elements. 
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Despite its successes, the standard big bang model faces a number of unanswered 
questions, like the requirement up to a high degree of accuracy of an initially ho- 
mogeneous and flat universe, the origin of the observed large scale structure, the 
small value of the cosmological constant, the nature of the dark matter; as well 
as the problem of the age of the universe, a possible conflict between theory and 
observations. 

An appealing solution to the homogeneity and flatness problems is to introduce, 
diming the very early stages of the universe, a period of exponential expansion known 
as inflation [2] . According to the inflationary paradigm, the expansion of the universe 
was driven, at an early stage of its history, by a scalar field. During that period 
the expansion was quite dramatic, and the quantum fluctuations of the scalar field 
[3] were enormously amplified when that phase ended. Thus, inflation provides 
a mechanism [4] for the causal generation of the primordial density perturbations 
required for the observed large scale structures. 

Inflationary models are not entirely free from problems and therefore it is im- 
portant to address the issue of the origin of structure formation according to some 
other theory. The main alternative approach lies on the topological defect scenar- 
ios, based on the idea that a number of cosmological phase transitions took place, 
as the universe cooled down, associated with spontaneous symmetry breakings of 
the previous phase. Therefore, topological defects — a well-studied phenomenon in 
condensed matter physics — could have appeared in our universe [5] and played the 
role of seeds for structure formation. Topological defect models have the advantage 
of depending on very few parameters and therefore are, in a sense, more appealing 
than the inflationary ones. Depending on the nature of the broken symmetry, topo- 
logical defects can either be local or global, while their classification depends on the 
number of components of an order parameter which breaks the symmetry group. 
Among the various topological defects, global monopoles, global textures and both 
global or local cosmic strings, are viable candidates. Since the initial density fluc- 
tuations have tiny amplitudes, their evolution at early times can be studied using 
linear cosmological perturbation theory. 


2 Cosmic Microwave Background Radiation 

The Cosmic Microwave Background (CMB) radiation is the extraterrestrial elec- 
tromagnetic radiation that uniformly fills the space at wavelengths in the range 
of millimiters to centimeters. At present, the spectrum of CMB radiation is, to a 
high degree of accuracy, a thermal Planck blackbody spectrum at a temperature [6] 
To = 2.728 ± 0.002 A, as measured by the FIRAS (Far Infrared Absoulute Spec- 
trophotometer) on the COBE (Cosmic Background Explorer) satellite developed by 
NASA. Since now the universe is optically thin to radio radiation, the sea of CMB 
radiation, having almost completely relaxed to thermodynamic equilibrium, must 
be the remnant heat from the early hot and dense phase of the expanding universe. 

The existence of the CMB radiation with an almost thermal nature consists the 
main evidence that the universe did indeed expand from a dense and hot state. 
In addition, the CMB radiation is extremeley close to isotropic; this uniformity 
cannot be explained within the context of standard cosmology. The CMB radiation 
offers an essential probe of the origin of structure formation, through the effects of 
cosmological structure on the spectrum and isotropy of the relic CMB radiation. 

In 1992, the COBE-DMR (Differential Microwave Radiometer) experiment de- 
tected anisotropies (temperature irregularities) in the CMB radiation [7]. These 
anisotropies, imprinted on the CMB radiation by primordial perturbations generated 
within 10 -35 sec after the big bang, were found to be at the level A T/T wl. x 10~ 5 
on all angular scales larger than 10° and compatible with a scale invariant (spec- 
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tral index of n s = 1.2 ± 0.3 [8]) Harrison- Zel’dovich spectrum. While confirming 
the idea that indeed large structures grew from small initial fluctuations through 
gravitational instability, the COBE-DMR observations could not discriminate be- 
tween inflationary models and topological defect scenarios. The planned MAP (Mi- 
crowave Anisotropy Probe) and COBRAS/SAMBA (COsmic Background Radia- 
tion Anisotropy Satellite / SAtellite for Measurement of Background Anisotropies) 
satellite experiments, as well as ballons and ground based experiments, will probe 
anisotropies on smaller angular scales, which may allow us to distinguish between 
these two classes of models for structure formation. Such experiments show how 
the early universe offers an ideal laboratory to test high energy physics models, on 
energy scales far beyond those of any conceivable terrestrial accelerator. Moreover, 
from the point of view of a cosmologist, the CMB radiation offers the unique way 
of determining basic cosmological parameters — like O 0) H 0 , Qj>, A — to within a 
few percent, through measurements of the CMB anisotropy spectrum. The justifica- 
tion for this belief is mainly that CMB anisotropies can be determined almost f ull y 
within linear cosmological perturbation theory and are not particularly affected by 
nonlinear physics. 

The CMB fluctuation spectrum is usually parametrized in terms of multiple 
moments Cg, defined as the coefficients in the expansion of the temperature auto- 
correlation function 
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which compares points in the sky separated by an angle The value of Cg is 
determined by fluctuations on angular scales of order n/t One usually plots £(£ + 
1 )Cg versus l — known as the power spectrum — which is the power per logarithmic 
interval in £, giving the spectrum of anisotropies observed today. 

For scalar perturbations, I will describe the main physical mechanisms which 
contribute to the redshift of photons propagating in a perturbed Friedmann geome- 
try. 

(i) On large angular scales, the main contribution to CMB anisotropies comes from 
inhomogeneities in the spacetime geometry. These inhomogeneities determine the 
change in the photon energy, due to the difference of the gravitational potential at 
the position of emitter and observer, and account for red-shifting or blue-shifting, 
caused by the time dependence of the gravitational field along the path of the pho- 
ton. They are known as “ordinary” Sachs- Wolfe and Integrated Sachs- Wolfe (ISW) 
effects respectively. 

(ii) On angular scales 0.1° ~ 9 ~ 2°, the main contribution comes from the intrinsic 
inhomogeneities on the surface of the last scattering, due to acoustic oscillations in 
the coupled baryon-radiation fluid prior to decoupling. On the same angular scales 
as this acoustic term, there is a Doppler contribution to the CMB anisotropies, due 
to the relative motions of emitter and observer. The sum of these two contributions 
is denoted by the term “acoustic peaks” . 

(iii) On scales smaller than about 0.1°, the anisotropies are damped due to the 
finite thickness of the recombination shell, as well as by photon diffusion during 
recombination (Silk damping). 

Both, generic inflationary models and topological defect scenarios, predict an 
approximately scale-invariant spectrum of density perturbations on large angular 
scales (£ £ 50), thus the COBE-DMR data provide mainly a normalization for the 
different models. Cosmic microwave background anisotropies on intermediate and 
small angular scales are very important. If the two classes of theories predict diff erent 
characteristics for the acoustic peaks (e.g., amplitude and position of primary peak, 
existence or absence of secondary peaks) we can discriminate among them. In the 
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nearby future, a number of sophisticated experiments will scrutinize various regions 
of the sky trying to reveal the characteristics of the relic CMB radiation. 


3 Families of Models for Structure Formation 

Within the framework of gravitational instability theory, there are two currently 
investigated families of models to explain the origin of the observed structure in the 
universe. 

(i) Initial density perturbations can be due to freezing in of quantum fluctuations 
of a scalar field during an inflationary era [9]. Such fluctuations were produced at a 
very early time in the history of the universe, and were driven far beyond the Hubble 
radius by the enormous (inflationary) expansion. As a result, inflationary fluctua- 
tions are not altered anymore and evolve freely according to homogeneous linear 
perturbation equations until basically the time of galaxy formation. Moreover, as a 
result of the nature of quantum fluctuations, the distribution of amplitudes of these 
initial perturbations is usually Gaussian. 

(ii) Initial density perturbations can be seeded by an inhomogeneously distributed 
form of energy, called “seed”, which contributes only a small fraction to the to- 
tal energy density of the universe and which interacts with the cosmic fluid only 
gravitationally. A familiar example is the case of topological defects, which could 
have appeared naturally during a symmetry breaking phase transition in the early 
universe [5]. According to these models, cosmological structure was formed as a 
result of a symmetry breaking phase transition and a phase ordering. Such initial 
fluctuations are generated continuously and evolve according to non-homogeneous 
linear perturbation equations. Perturbations from defect models are generally non- 
Gaussian. 

On large angular scales, both families of models predict an approximately scale- 
invariant Harrison-Zel’dovich spectrum [10, 11], the Sachs- Wolfe plateau. The acous- 
tic peaks on intermediate scales in the CMB power spectrum, might represent a mean 
to support or rule out one of these two families of models. 

In the case of inflationary models, there has been a large number of studies and a 
lot of excitement, in particular since CMB anisotropies might lead to a determination 
of fundamental cosmological parameters, such as the spatial curvature of the universe 
floi the baryon density &, the Hubble constant Hq and the cosmological constant A. 
At multipoles i > 200, the CMB anisotropies become sensitive to fluctuations inside 
the Hubble horizon at recombination. Since these fluctuations had enough time to 
evolve prior to last scattering, they are sensitive to evolutionary effects that depend 
on a number of cosmological parameters. The new generation of satellites (MAP 
and especially COBRAS/SAMBA) having high sensitivity, angular resolution and 
large sky coverage, are expected to provide a mean to determine these fundamental 
cosmological parameters to a precision of a few percent. 

The power spectrum predicted for a generic inflationary model reveal the exis- 
tence of a primary peak at t ~ 200 with an amplitude ~ (4—6) times the Sachs- Wolfe 
plateau, and the existence of secondary oscillations [9]. 

On the other hand, seed models (like topological defect models), generally predict 
a quite different power spectrum than inflation, due to the behaviour of perturba- 
tions on super-horizon scales. Causality and scale invariance have quite different 
implementations in this class of models. While in inflationary models randomness 
appears only when initial conditions are set up and the time evolution is linear and 
deterministic, in seed models randomness also appears during the time evolution, as 
a result of a complex non-linear process. Seed models are more complicated to be 
solved than inflationary ones, due to the fact that the linear perturbation equations 
are non-homogeneous with a source term due to the seed. Since the seed evolution 
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is, in general, a non-linear and complicated process, much less precise predictions 
have been made so far, and there is a limited number of studies on the family of 
seed models. 

Recent studies [12, 13, 14] on generic topological defect models show that the 
primary acoustic peak is located to the right of the adiabatic position, at which the 
peak arises in a generic inflationary model. The value of this shift to smaller angu- 
lar scales is determined by the coherence length of the defect. Also the structure of 
secondary peaks may be quite different for generic defects as compared to inflation. 
Depending on whether the defect is effectively coherent or not, which is a direct im- 
plication of the constraints imposed by causality on defect formation and evolution, 
secondary peaks will or will not appear in the power spectrum [14]. Considering 
density perturbations seeded by global textures, 7T 3 defects [15], in a universe domi- 
nated by cold dark matter, the position of the primary acoustic peak was found to be 
displaced by A£ ~ 150 towards smaller angular scales than in standard inflationary 
models [12, 13], while its amplitude was only a factor of ~ 1.5 — 3.3 times higher 
than the Sachs- Wolfe plateau [13]. In an attempt to reveal the robust features of the 
power spectrum in a seed model, it was found [16, 17] that there are defect models 
leading to a primary acoustic peak located at the adiabatic position, however its 
amplitude may be susbtantially smaller than the one in generic inflationary models 

[17] • 

The satellites MAP and, in particular, COBRAS/SAMBA with planned launch 
years around 2000 and 2005 are designed to image anisotropies of the CMB radiation 
to an uncertainty better than AT /T~2x 10” s at all angular scales larger than ~ 
10 arcmin over the whole sky. We therefore expect to have a full power spectrum 
against which we could test our theoretical models. 


4 Conclusions 

The nexus between cosmology and elementary particle physics has become an espe- 
cially active area of research in recent years. Current frontiers of particle physics 
involve energy scales far beyond those available now or in the near future terres- 
trial particle accelerators. An obvious place to look is to the very early universe, 
where conditions of extreme energy and density are realized. At the same time, the 
standard big bang model provides a reliable framework for describing the evolution 
of our universe as early as 10 ~ 2 sec after the explosion, when the temperature was 
about 10 MeV. Extending our understanding to earlier times and higher tempera- 
tures, requires knowledge about the fundamental particles and their interactions at 
very high energies; progress in cosmology has become linked to progress in particle 
physics. 

Among the main, still open problems in modern cosmology, remains the origin 
of the observed structure in the universe. Based on all present indications, we be- 
lieve that the large-scale structure was produced by gravitational instability from 
small primordial fluctuations in the energy density, generated during the early stages 
of the universe. Within this framework, the two families of models to explain the 
origin of primordial density perturbations are inflationary models and topological 
defect scenarios. Either of these two families of models predicts precise fingerprints 
in the cosmic microwave background anisotropies, which can be used to differentiate 
among these models using a purely linear analysis. Both families lead to approxi- 
mately scale-invariant Harrison- Zel’dovich spectrum of density fluctuations on large 
angular scales. However, the power spectrum predicted from each of these families, 
has different properties on smaller angular scales. The next satellite experiments 
(MAP and COBRAS/SAMBA), as well as ground-based (e.g., Jodrell Bank, CAT, 
SASKATOON, VS A) and ballons experiments (e.g., BOOMER, FIRS, MAX, MAX- 
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IMA, MS AM, UCSB) will provide a detailed power spectrum, against which we will 
be able to test our theoretical models. In addition, we expect to be able to determine 
a number of fundamental cosmological parameters up to a high degree of accuracy. 
It is therefore believed that these coming years will be particularly fruitful for cos- 
mology and one may conclude that as cosmologists we are currently living through 
what can be considered a scientific revolution. 


Acknowledgements 

It is a pleasure to thank the members of the Jet Propulsion Laboratory, who orga- 
nized this workshop and, in particular, Lute Maleki, for inviting me to deliver this 
talk. 


References 

[1] A. Penzias and R. Wilson, Ap. J. 142 (1965) 419. 

[2] A.H. Guth, Phys. Rev. D23 (1981) 347. 

[3] T. Bunch and P.C.W. Davies, Proc. Roy. Soc. London A360 (1978) 117; S.W. 
Hawking, Phys. Lett. B115 (1982) 295; A.A. Starobinsky, Phys. Lett. B117 
(1982) 175; A.H. Guth and S.-Y. Pi, Phys. Rev. Lett. 49 (1982) 1110. 

[4] A. ALbrecht and P.J. Steinhardt, Phys. Rev. Lett. 48 (1982) 1220; A.D. Linde, 
Phys. Lett. BIOS (1982) 389; A.D. Linde, Phys. Lett. B129 (1983) 177; D. La 
and P.J. Steinhardt, Phys. Rev. Lett. 62 (1989) 376; D. La and P.J. Steinhardt, 
Phys. Lett. B220 (1989) 375. 

[5] T.W.B. Kibble, Phys. Rep. 67 (1980) 183. 

[6] J.C. Mather, et a 1., Ap. J. 354 (1990) L37. 

[7] G. Smoot, et a 1., Ap. J. 396 (1992) LI. 

[8] K.M. Gorski, et a 1., “Power Spectrum of Primordial Inhomogeneity Determined 
from the 4- Year COBE DMR Sky Maps”, a stro-ph/9601063 (1996). 

[9] P.J. Steinhard, “Cosmology at the Crossroads”, to appear in the Proceedings of 
the Snowmass Workshop on Particle Astrophysics and Cosmology, E. Kolb and 
R. Peccei, eds. (1995), astro-ph/9502024. 

[10] H.R. Harrison, Phys. Rev. Dl, 2726 (1970). 

[11] Y.B. Zel’dovich, Mon. Not. Roy. Ast. Soc. 160, 1 (1972). 

[12] Crittenden R.G., and Turok N., Phys. Rev. Lett. 75 2642 (1995). 

[13] R. Durrer, A. Gangui and M. Sakellariadou, Phys. Rev. Lett., 76, 579 (1996). 

[14] J. Magueijo, A. Albrecht, P. Ferreira and D. Coulson, “The structure of Doppler 
peaks induced by active perturbations”, astro-ph/9605047 (1996). 

[15] N. Turok, Phys. Rev. Lett. 63 2625 (1989). 


54 



[16] N. Turok, Phys. Rev. D54 3686 (1996). 

[17] R. Durrer and M. Sakellariadou, “Microwave Background Anisotropies from 
Scaling Seed Perturbations” (1996) (in preparation). 


55 



/ 


I 



Session II 
Classic Tests 
and Their Clocks 


57 





THE SUPERCONDUCTING CAVITY STABILIZED OSCILLATOR 


J. P. Tumeaure, Saps Buchman, and John Lipa 
W. W. Hansen Experimental Physics Laboratory, Stanford University, Stanford, U.S.A. 


ABSTRACT 

Superconducting Cavity Stabilized Oscillators (SCSOs) have produced the most stable clocks 
to date for integration times between 10 2 and 10 3 seconds, achieving a fractional frequency 

stability of 2 x 10' 16 for a sampling time of 100 s. The principal contributors to cavity frequency 

variations are: (a) acceleration effects due to gravity and vibrations (b) temperature variations, 
(c) variations in the energy stored in the cavity, and (d) noise introduced by the frequency 
stabilization circuit. We discuss the prospects for improvements in all these areas for both 
ground-based and space-based SCSOs, which may lead to SCSOs with fractional frequency 
stabilities below 10' 17 . SCSOs of this frequency stability will be useful for testing fundamental 
physical principles. 

J. INTRODUCTION 

High stability clocks or oscillators, as discussed in independent papers by Nordtvedt, 
Damour, and Haugen in these proceedings, are useful for testing fundamental physical 
principles. For example, an H-maser in a sub-orbital flight verified the Einstein weak 
equivalence principle to about 0.01% by measuring the gravitational redshift of a rocket borne 
H-maser relative to a ground-based H-maser 1 . 

Superconducting Cavity Stabilized Oscillators (SCSOs) utilizing 8.6 GHz TM 010 Nb cavities 
with unloaded quality factors (unloaded Qs) of up to lx IQ 11 have achieved fractional frequency 
stabilities 2 of a few parts in 10 16 for sampling times of about 100 s, making them the most precise 
clocks in this range of sampling times. An SCSO can be classified as a “ruler” clock since its 
frequency is proportional to the velocity of light divided by a length, the cavity radius (see Eqn 
1). An ensemble of three SCSOs has been used to make a null gravitational redshift measurement 
relative to an H-maser with a 2% accuracy 3 and to set a limit on the secular drift of the fine 
structure constant 4 . This paper discusses the possibility of improving both the short-term and the 
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long-term fractional frequency stability of both ground-based and space-based SCSOs to below 
IQ' 17 allowing them to make more precise measurements of fundamental physical principles. 

II. THE DESCRIPTION OF THE SCSO 

This section describes the SCSO, which was developed 5,6 from 1971 until 1978. The SCSO 
utilizes a superconducting Nb microwave cavity operating at 1.2 K in the TM 010 mode, at 
8.6 GHz, with its interior under ultrahigh vacuum. To insure mechanical stability the walls of the 
cavity are of about the same thickness as its 1.3 cm radius. At 1.2 K, these cavities have achieved 
unloaded Qs of up to 1 x 10" after undergoing ultrahigh vacuum firing and chemical polishing 7 . 

Figure 1 is a schematic of the cavity and its mounting in 
a vacuum can that is immersed in pumped liquid helium. 

The cavity is supported from its top, and it is connected with STA ^, E E S G S U 
indium sealed vacuum flanges to the pump-out port and to C °^aV l H E E a 7 
the microwave waveguide. High vacuum conditions for the HEAT SINK 
cavity are maintained by means of a permanent internal HEATER 

THERMOMETER 

vacuum accomplished with a copper pinch-off and by the 

COAXIAL FEEDTHROUGH 

exterior vacuum can. The cavity temperature is controlled to 
1 jxK short term (over times up to 1000 s) and to 10 pK long 
term (for a fraction of a day and longer) with an active 

™0i0 NiO0,UM CAVITY 

temperature control system, which uses a Ge resistance 
thermometer (GRT) and a heater. To limit trapped magnetic 
flux in the superconducting cavity and to reduce the 
magnetic stress on the cavity, magnetic shields reduce the 

magnetic field at the cavity to less than 10 mG. Both the Figme L Schematic ofS CSO 

dewar and the microwave electronics are tilt controlled to cavity and its mounting. 

reduce the effect of angular variations with respect to the 

local gravity. The entire apparatus consisting of three SCSO systems is cooled in a top loading 
liquid helium dewar. 

A simplified schematic of the SCSO circuit is shown in Fig. 2. The circuit utilizes the high Q 
cavity resonance to frequency stabilize a voltage controlled oscillator, a Gunn oscillator. A small 
portion of the Gunn oscillator power is phase modulated at 1 MHz. The Gunn oscillator is tuned 
so the carrier of the phase modulated signal is near the cavity resonance. An AM modulated 
signal is reflected by the cavity and then detected with a square law detector. The sign and 
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amplitude of the detected AM signal represent the deviation of the Gunn oscillator frequency 
from the cavity frequency. The AM signal, after demodulation, is used to servo the frequency of 
the Gunn oscillator. The connection of the resonator to the room temperature electronics is made 
using stainless steel waveguide with copper baffles in order to minimize thermal losses. 
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Figure 2. Simplified block diagram ofSCSO 
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Figure 3 is a graph of the square root of 
the Allan variance, a y , as a function of 
sampling time, T. The figure contains data 
from three sources. The circles are data 2 
from the ensemble of three SCSOs and the 
square is a data point at 100 s for SCSO #3 
which has the highest unloaded Q (1 x 10 11 ) 
in the ensemble. This data was taken with a 
measurement noise bandwidth of 10 Hz. For 
x < 100 s, Oy is approximated by 10 14 /t. The 
noise floor of a y = 1.3 x 10' 16 for SCSO #3 
is reached at 100 s. For longer sampling 
times, o y increases due to long-term 
frequency drift. The triangles are data 
derived from the comparison of SCSO #3 
with an H-maser 3 . The Allan variance is calculated after the effects of ambient conditions 
(barometric pressure, earth tides, temperatures) are removed. For sampling times less than 100 s, 
o y is limited by the H-maser. The combination of the H-maser and SCSO #3 gives 0 y of 
1.2 x 10' 15 for sampling times out to about 10 5 s. These data indicate that an SCSO with an 
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Figure 3. Allan variance vs. sampling time 
for an 8.6 GHz SCSO. 
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unloaded Q of 1 x 10 u has a fractional frequency drift of < 10‘ 15 per day demonstrating that stress 
relaxation and creep are not yet evident in the SCSO frequency drift. 


Ill PERFORMANCE OF IMPROVED SCSO 


We consider the strategies for improving both the noise floor and the long-term frequency 
stability of the SCSOs. The discussion is divided into two sections: stability of the 
superconducting cavity frequency, and frequency noise introduced by the frequency stabilization 
circuit. A number of smaller disturbance effects including quantum fluctuations, thermally 
induced phonons, external pressure variations, motion of flux quanta, particle radiation effects, 
and low temperature structural changes (creep and stress relaxation) are estimated to cause 
frequency instabilities below the 10' 18 level, and thus they are not discussed. 


B. Stability of Ca vity Frequency 

The superconducting cavity serves as the frequency determining element of the SCSO. Thus, 
the cavity frequency and its stability must be well understood and controlled. The cavity is 
approximately a right circularly cylindrical cavity of radius R and length L, and it is operated in 
the TM 010 mode. The frequency, v 0 , of an ideal TM 010 mode cavity is independent of its length. 

2.405 c 


V ° 27t R 


( 1 ) 


The numerical factor is the argument of the zeroth order Bessel function at its first root, and c is 
the velocity of light. This expression for frequency is only approximately correct since the actual 
cavity has holes in its end plates to assist in manufacture and to provide a means of coupling to a 
waveguide. The practical factors that limit the stability of the cavity frequency are discussed 
below. 

Acceleration. Vibrations and variations in local gravity will affect the frequency by 
changing the cavity dimensions. For the vertically mounted TM 010 mode cavity, the frequency is 
dependent to first order only on the average cavity radius and by symmetry is only sensitive to 
second order in the tilt angle from vertical. The frequency sensitivity to changes in gravitational 
acceleration Ag is estimated by assuming that the length of the cavity is stretched by its self 
weight, and the cavity radius is reduced due to the effect of Poisson’s ratio. 

Av_, AR 1 A/,1 l? (Ag) _ Av ~ ^ -10^ Ag ( 

v 0 R 3 l 3 Y v 0 g 

where R, l, p, and Y are the radius, length, density and Young’s modulus of the cavity. 
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The sensitivity to acceleration variations can be significantly reduced by supporting the 
cavity from its center, thus through symmetry compensating any contribution to frequency 
change in the top half with an opposite change in the bottom half. The connection to the 
waveguide can be made via a choke flange joint, thus leaving the center support as the only 
mechanical connection to the cavity. The expected improvement from the center support should 
decrease the frequency sensitivity to acceleration by at least a factor of 10‘ 2 , yielding a sensitivity 
of 4 x 10 " Ag/g. For a ground-based SCSO, the principal contribution to Ag is due to earth tides, 
which typically give a peak-to-peak Ag of 200 pGal. This yields a fractional frequency variation 
of 8 x 10' 18 , and a contribution to o y much less than this value for sampling times much shorter or 
longer than 6 hours (1/2 of the tidal period). For a space-based SCSO, the principal contribution 
to Ag is drag on the space vehicle. For space vehicle accelerations at the 10' 7 g level, the 
fractional frequency variations are about 4 x 10' 18 . If the space vehicle were drag compensated, 
the frequency variations from this source would be much smaller. 

Temperature. Fluctuations in temperature affect the frequency stability via two main effects 
on the cavity: thermal expansion and the variation with temperature of the skin depth. The 
thermal expansion has phonon and electron (superconducting) contributions. The skin depth 
temperature dependence is described by the BCS theory 8 . One of the authors (Turneaure) has 
measured the temperature dependence of the 8.6 GHz, TM010 mode Nb cavities, and it can be 
represented by 
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where the first term of Eqn 3a represents the skin depth temperature dependence and the electron 
thermal expansion, and the second term represents the lattice thermal expansion. In the 
configuration described in Section II, the short-term temperature stability was 1 pK, and the 
long-term stability was about 10 pK. Chui and Lipa 9 have used paramagnetic salt thermometers 
in a four stage thermal isolation system to demonstrate temperature stability better than 1 nK. 
Their system has also been flown in space as part of the Shuttle Lambda Point Experiment 
program. We propose to use a simplified version of this system to achieve temperature control to 
10 nK or better, therefore reducing the temperature induced frequency fluctuations to 
approximately the 10" 18 level. 
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Stored energy. Fluctuations in the energy U stored in the cavity will change the 
electromagnetic radiation pressure on the cavity walls and will vary the non-linear 
superconducting surface reactance. This variation has been measured by one of the authors 
(Tumeaure), and it can be represented by: 

— = ~( fc EM +k x) v => = -L7 x 10" 6 r 1 ( 

v 0 VEM x ' au 

where the k coefficients quantify the electromagnetic radiation pressure and the non-linear 
surface reactance. In the configuration described in Section n, the stored energy in the cavity 
was 6 x 10' 8 J with a short-term stability on the order of 10' 3 , yielding a contribution to a y of less 
than 1.0 x 10" 16 . Improved electronics will allow better power control, therefore reducing the 
frequency instabilities caused by this effect to the 10 18 level. 

B. Stabilization Circuit 

Conceptually the scheme for the SCSO electronics will be quite similar to the original 
design. However, some major changes to the circuit design will be incorporated based on the 
following principles: (a) use of improved microwave technology, which was not available for the 
original circuit, (b) a lower modulation frequency of about 10 kHz, (c) a stabilizing power servo, 
and (d) use of cryogenic components. The Gunn oscillator will be replaced with a varactor-tuned 
dielectric resonator oscillator (DRO) selected for very low close-in phase noise. A lower 
modulation frequency will reduce the spurious AM due to frequency dependence of the 
transmission line wave velocity, attenuation, and spurious reflections. Power stability of better 
than 0.1% should be easily achievable. We will also investigate the use of a lower noise AM 
detector, which currently limits G y to about 10' 15 /Vt for a cavity stored energy of 6 x 10' 8 J. We 
expect to be able to reduce the noise floor of G y to below 10' 17 . 

IV. CONCLUSIONS 

SCSO clocks have demonstrated a o y noise floor of 2 x 10' 16 for a sampling time of 100 s 
and a y of 1.2 x 10 15 for sampling times out to ~ 10 5 s. The main disturbance effects are due to 
noise in the electronics and long-term drift caused by fluctuations in the temperature, the local 
gravity, and the electromagnetic energy stored in the resonator. Proposed improvements show 
the promise of achieving fractional frequency stabilities below 10' 17 for ground-based and space- 
based experiments. 
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SPACE EXPERIMENTS WITH HIGH STABILITY CLOCKS 
ROBERT F. C. VESSOT 
Smithsonian Astrophysical Observatory 
Cambridge Massachusetts 02138 


1 Introduction 

One of the most significant scientific improvements in our era is the 
uparalleled precision of measurement made possible by atomic clocks. The 
meter, the SI unit of length, is now defined in terms of the velocity of light, a 
pivotal quantity in our present Relativistic concepts of space and time. 

This discussion is meant to provide a picture of where we stand in the 
present state of clocks, of techniques for clock-related space experiments, and 
of some now technically feasible space experiments. 

2 Present State of Clock Technology and Systems for Space Experiments 

Progress of clock development is shown in Figure 1, which shows that 
the frequency stability of highly stable oscillators has improved by a factor of 
about 7 every decade since the 1960 era, when atomic clocks were first 
introduced. 

The most commonly used definition of frequency stability is the Allan 
deviation, o y (x). This is the one-sigma expectation of the fractional frequency 
difference Af/f (designated by the subscript y), between time-adjacent 
frequency measurements, each made over time intervals of duration, x. The 
functional relationship of o y (x) versus (x) depends on the Fourier spectrum of 
of the phase variations. 1 

An estimate of the time dispersion of a clock or oscillator for a future 
time interval, x, can be obtained from the relation 

o Ax (t:) ~ x a y (x) (1) 

The representation of oscillator performance given by o y (x) can provide 
statistical estimates of the limits imposed by clock performance on 
measurements made with electromagnetic signals. 

Figure 2 shows c(x) versus x plots for recently developed stored ion 
devices 2 , atomic hydrogen masers 3 , and for the binary pulsar 4 . This figure 
also includes the Allan deviation of disturbances caused by the earth's 
troposphere and ionosphere on signals traversing vertically. 

In the following discussions of experimental techniques, the H maser 
performance data in Figure 2 will be used as a basis for numerical examples. 
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2.1 Measurements using Electromagnetic Signals 

2.1.1 The effects of oscillator instability on measurements of distance 
and of range-rate using Doppler data. 

In the case of distance measurements made from the one-way 
propagation of light we can obtain an estimate of range dispersion from time 
dispersion given in Equation 1, by writing 

a Ar (t) = cx c y (x) (2) 

where c is the velocity of light. 

The one-way Doppler frequency shift of signals from an oscillator 
transmitting at a frequency, f, moving with velocity v r toward the receiver is 

Af Vj- 
f ~ c 

The contribution of the oscillator to the imprecision of determining 
range rate, v r , during measurement intervals, x , is given by 

a vr (x) = c o y (x) (3) 

Figure 3 is a nomograph of range-rate error and range distance error 
based on the H-maser data in Figure 2. On the left hand axes are scales for 

a y (x) and the corresponding one-way Doppler frequency range-rate 
measurement error, o vr (x). On the right hand axes are the scales for time 
dispersion, o Ax (x), and the corresponding one-way range measurement error. 

2.1.2 A Systems or Cancelling First-Order Doppler and Signal Propagation 

The concept of one-way and two-way Doppler measurements leads 
naturally to the three-link Doppler-cancelling system used in the 1976 
SAO/NASA Gravity Probe A test of the gravitational redshift. 5 6 This 
"Doppler cancellation" scheme was pivotal to the success of the experiment 
By measuring the Doppler effects in a separate two-way system and 
subtracting one-half the number of the two-way cycles from the phase of the 
received signal from the phase of the one-way microwave link connecting the 
space vehicle clock to the earth station, the propagation effects were 
systematically removed. 

Figure 4 schematically describes the phase-coherent analog system that 
was used in the 1976 S AON AS A test of the gravitational redshift. 

With this system, the fractional output frequency variations obtained 
by subtracting one-half of the two-way Doppler cycles from the one-way cycles 
received by the earth station is given in the expression: 
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Here the total frequency shift is f s -f e , and fo is the clock downlink 
frequency. The term (4> s *<l>e) is Newtonian potential difference between the 

— 5» — S 

spacecraft and earth station, v e and v s are the velocities of the earth station and 
— ® 

the spacecraft, r se is the vector distance between the spacecraft and earth station, 

and a e is the acceleration of the earth station in an inertial frame. For the 1976 
test, an earth-centered frame with axes aimed at the fixed stars was sufficiently 
"inertial" to satisfy the requirements of the the two-hour experiment. 

The first term is the gravitational redshift resulting from the difference 
in the Newtonian gravitational potential between the two clocks, the second 
term is the second-order Doppler effect of special relativity, and the third term 
is the result of the acceleration of the earth station during the light time, r/c, 
owing to the earth's rotation. During the two-hour near-vertical flight, the 
first-order Doppler shifts were as large as ±2 x 10~ 5 and the noise from 

ionospheric and tropospheric propagation effects was about 1 x 1CT 12 at x -100 
sec, as shown in the top left curve of Figure 2. After the frequency variations 
predicted in Equation 4 were fitted to the data, the error in the fit of the data 

was within (+2.5 ± 70) x 10‘ 6 of Einstein's prediction. 7 The residuals were 
analyzed after subtracting the predicted frequency variation over the time of 
the mission. The resulting Allan standard deviation of the frequency residuals 
is shown in Figure 5. Here we see that the stability of the frequency comparison 
made through the three-link system over signal paths of 10,000 km, in the 
presence of Doppler shifts of magnitude ± 44kHz, plus the ionospheric and 
tropospheric noise shown in Figure 2, is comparable to the frequency 
comparison made between the two reference masers in the same room, 

reaching 6 x 10~ 15 stability at about 10 3 sec. 

Figure 6 shows how phase coherence throughout the system was 
provided by ratio frequency synthesizers. We see that there was a 
considerable difference in the S-band (2 GHz) frequencies, owing to the 
transponder's turn-around frequency ratio, 240/221. Because of ionospheric 
electron content in the signal path, there could have been serious problems 
from phase delay owing to the frequency differences in the three microwave 
links 8 This error was removed by choosing the frequency ratios so that the 
ionospheric effects in the three signal paths were cancelled at the output of 
mixer M3 in Figure 6. 9 . 10 
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2.2.3 A Symmetrical Four-Link System to Provide Time-Correlated Doppler Data 

The three-link system can be made symmetrical by providing a 
transponded signal back to the spacecraft as shown in Figure 7. Here one-way, 
two-way, and Doppler-cancelled data are recorded at both stations of the 
system in terms of the proper time scale kept by the station's clock. In the case 
where the light time between stations is long compared, for example, to the 
intervals required for measurements, a dominant, spatially localized noise 
process can be cancelled systematically by time correlation of the data from 
the two stations. For example. Figure 8 shows the continuum of space-time 
paths of the four signals in Figure 7. Here the dots signify the clocks, and the 
arrows, E|(t) and E 2 (t), signify signal outputs representing earth-based one-and 
two-way data at a particular epoch in the continuum. S^(t) and S 2 (t) represent 
one- and two-way data recorded in space. By time-correlating the Doppler 
responses we can systematically cancel a strong localized noise source such as 
the earth's troposphere and ionosphere. 11,12 

For example, let us consider the frequency variations in Doppler 
outputs Ej(t), E 2 (t), Sj(t), and S 2 (t) shown in Figure 7. We see that the iono- 
tropo noise pattern received from the the spacecraft transmitted at time t, and 
received at earth at time tj+R/c is the same as the noise received at the 
spacecraft at time (tj+2R/c). By advancing E|(t) by time R/c with respect to 
Si(t) and subtracting the two data sets we can systematically remove the noise 
in the Si(tj+2R/c) - E| (tj+R/c) combined data set at the small expense of 
increasing the random noise in the data by V2 . In situations where the 
localized dominant noise is substantially larger than the nonlocalized 
random noise, this process can be highly effective. 

2.1. 3.1 Relativistic Doppler Shifts and Redshifts with the 4Four-Link System 

The Doppler-cancelled signal outputs S D (t) and E 0 (t) in Figure 7 contain 
relativistic and gravitational information that can be time correlated. 

Equation 4 is repeated below as E 0 (t), along with its counterpart expression at 
the spacecraft, S Q (t): 


_ , . <M>e ' v s " v e 1 "" r se-ae 
h oW- ^ - 2c 2 " c 2 

(5) 

-* 
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By adding these two time-ordered data sets we cancel the first term and double 
the magnitude of the second term representing the second-order shift. 
Conversely, if we subtract the data sets, we double the first-term representing 
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the gravitational red (blue) shift and cancel the second term. In both instances 
we must account for the components of acceleration of the earth and space 
stations along the line of sight in a suitable inertial frame. 

3 Tests of Relativistic Gravitation with Clocks 

3.1 A Proposed Test of Relativistic Gravitation with a Clock in a 24-Hour 
Eccentric Earth Orbit 

The original concept for testing the Gravitational Redshift called for 
operating a spaceborne clock in a spacecraft placed in a highly eccentric 24- 
hour earth orbit. 1113 Low-inclination orbits with eccentricities as high as 0.6 
can produce apogee- to-perigee redshifts of about 4.8 x 10' 10 , and still keep the 
spacecraft in view of an earth station with a minimum elevation angle 
greater than 15 degrees. Accompanying the redshift there is a second-order 
Doppler shift of comparable magnitude, which produces a combined 
frequency variation of 9.6 x 10' 10 in the Doppler cancelled data described in 
Equation 9. 

Table 1 shows an error analysis of the combined gravitational 
redshift and second-order Doppler test made in 1976 using a near- vertical 
trajectory. The improvement from 70 parts per million to 2 parts per million 
in the proposed test results partly from improved clocks, but mostly from the 
longer averaging intervals and estimates of the smaller systematic bias errors 
made possible by having time for adjusting and tuning the space maser before 
taking data. 

3.2 A Proposed Extension of the GP-A Experiment to Test General Relativity 
with a Solar Probe 

A series of studies of tests of relativistic gravitation has been conducted 
for a clock in a space probe approaching within 4 solar radii of the sun's center 
in a polar orbit . 14 This test is intended to measure directly the second-order 

behavior of the redshift, [A^/c 2 ] 2 . 

During the 10 hours before and after perihelion, the value of 3>/c 2 
varies from 5.3 x 10' 7 at perihelion to 2.0 x 10‘ 7 at times +10 hours from 
perihelion. Over the same time interval, the second-order redshift [<X>/c 2 ] 2 , 
varies from 2.81 x 10‘ 13 to 4 x 10" 14 , as shown in Figure 9. Taking the Allan 
standard deviation of today's H-masers over 10 hours averaging time as 6 x 
10* 16 , the inaccuracy of measurement imposed by the maser instability for the 
first-order measurement is 1.8 x 10‘ 9 , the corresponding inaccuracy for the 

second-order measurement is 2.5 x 10’ 3 . 

The sun's gravitational potential is complicated by having a number of 
multipole components. The largest of these is the solar quadrupole moment. 
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J 2 f which must be accounted for in the measurement of the second-order term 
in the redshift. Estimates of have been made from solar oscillations, 15 and 
we can estimate the effect of the uncertainty in these measurements from the 

•y 

behavior of the J 2 signature in the data. At order c the first-order redshift 
has the following behavior: 


_ H , Ji t 3cos 2 fl-l 
^2 “ r + r 3 J 2 K sun 2 




(ID 


where }i = GM sun /c 2 . Assuming J 2 = 1.7 x 10' 7 ± 0.17 x 10‘ 7 , then at 
perihelion, r = 4Rs Un/ -&= n/2, and O 2 /C 2 = -2.8 x 10' 15 . 

At about ±7 hours from perihelion, 

0=0, r = 8R sun , and 


Oj/c 2 = +7.0 x 10' 16 (12) 

The frequency variation caused by the J 2 contribution to the sun's 
redshift is shown in Figure 9 before and after perihelion. Its peak-to-peak 
magnitude is 3.5 x 10' 15 . If we have an error of 10% in the estimate of J 2 , the 
uncertainty in its contribution to the redshift over this interval is about 3.5 x 
10' 16 , comparable to the instability of the clock. The error contribution will 
have a distinctive (3cos 2 0-l)/r 3 signature in contrast to the very smooth 1/r 

dependence of the first-order redshift and the 1/r 2 dependence of the second- 
order redshift. 

An crucial feature is the ability to take Doppler-cancelled data at the 
probe. In Figure 8, we have shown how the localized noise near earth can be 
cancelled by correlation. While the spacecraft Doppler cancellation system can 
systematically remove the effect of the tropo-iono noise when it produces the 
S 0 (tj+2R/c) data, this is not the case for the earth station Doppler-cancelled 
output E 0 . In the earth station cancelled Doppler there would be about 1000 
sec of time delay between the uplink transmission and reception from the 
transponder. During this interval the combined atmospheric and 
ionospheric delay could have varied considerably. 

A joint SAO/NASA Jet Propulsion Lab study has been made to 
evaluate the feasibility of this experiment. 16 

3.3 Detection of Pulsed Gravitational Radiation using Doppler Techniques 

During the long travel time to the sun there will be an opportunity to 
search for gravitational radiation using Doppler techniques. 17 18 In Einstein's 
General Theory of Relativity (GRT), gravitational radiation results whenever a 
massive body is accelerated. Rotating binary stars radiate energy and will 
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eventually collapse together. While evidence for such radiation has not been 
observed directly, the orbital decay of a binary pulsar has been observed since 
1975 and its rate continues to follow closely die predicted behavior for loss of 
energy by gravitational radiation. 19 

According to GRT, gravitational radiation is a wavelike distortion of 
space-time travelling at the speed of light. When a gravitational wave 
intercepts bodies connected by electromagnetic signals, it distorts the frequency 
by h = Af/f. It should be possible to detect gravitational waves by observing 
Doppler shifts of a signals from a highly stable microwave (or laser) transmitter 
and detected by a receiver located at a distance greater than about one-half the 
wavelength of the gravitational wave. 

Figure 10 shows an example of Doppler detection 20 of a pulsed 
gravitational wave using the four-link Doppler measurement system. Here the 
wavefront of the gravitational pulse is assumed to intercept the earth-probe 
line at an angle, 0 = 60 degrees. The effect of the pulse would be observed 
three times in the Earth 2-way Doppler trace as follows: 

df (l-u)\|/(tR) (l+|i) L 

_ = ^ [tR j + (lni ) v(tR _ 2 -) (13 ) 

• by a Doppler shift of the gravitational wave disturbing the earth station 
at t=ti , while it is receiving a signal transmitted earlier by the spacecraft. 

• by its "echo" when the earth station receives a transponded signal at t 
= ti + 2R/c. 

•when the gravitational wave arrives at the spacecraft at time t 2 and is 
reported at earth at t = t 2 +R/c. 

The spacing of the pulses, their time signature designated by the 
parameter \jr(t), and the relative magnitude and sign of the signature are 

described by a single parameter, (i = cos0 21 >22 . Here tR signifies arrival time at 
the first station. 

The one-way transmission from the spacecraft would show the pulses at 
t| and at t 2 + R/c. 

A similar set of five observations of the same gravitational pulse is 
available at the spacecraft. In this case p = cos (rc+0) and another set of five 
manifestations of the pulse appears in the spacecraft data. While only four of 
the ten pulses, i.e.,those from the two one-way Doppler signals, are unique, 
the other six are obtained from other paths through the electronics system and 
provide redundancy to help prevent interpreting noise as gravitational wave 
signals. If one of the stations is on earth, noise from the earth's troposphere 
and ionosphere would be the main limitation to the sensitivity of detection. 
Reduction of ionospheric noise is possible by operating at higher frequencies 
than the currently used S-band (2 GHz) and X-band (10 GHz) systems. 
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However, tropospheric noise cannot be reduced by such techniques and 
will substantially degrade the stability of a signal. Studies show that the Allan 

deviation of the tropospheric noise for signals passing vertically has ax' 2,5 
behavior for intervals between 20 and 200 sec, with ay (100 sec) = 8 x 10' 14 , as 
shown in Figure l' 23 . While it is possible to model the tropospheric frequency 
shifts using other data, such as the columnar water vapor content and the 
local barometric pressure, tropospheric propagation variations will 
nevertheless severely limit the detection of gravitational radiation with 
transponded two-way Doppler signals. Estimates have been made that the 
sensitivity with ideal tropospheric conditions at night in the desert will be at a 
level of h = Af/f ~ 3 x 10‘ 15 for gravitational waves in the millihertz region, 
which is one to two orders of magnitude above the levels estimated by 

astrophysicists 18 ' 21 . 

Tropospheric noise can be removed systematically by simultaneously 
recording Doppler data from a clock in a spacecraft and at the earth station and 
combining these data. Simulations of this process 12 show nearly complete 
rejection of such spatially localized sources as near-earth tropospheric and 
ionospheric variations and earth station antenna motion noises. With both 
clock systems operating in space and at frequencies where the noise from the 
solar corona ionization is not significant, the principal nongravitational noise 
sources will likely be from the buffeting of the space vehicles by 
nongravitational forces such as light pressure, particle collisions, and sporadic 
outgassing of the spacecraft. Here, again, since these disturbances are localized 
at the ends of the system, the time signatures of the noises are separated by 
R/ c, and can be distinguished from the patterns expected from pulsed 
gravitational waves, which have signatures that depend only on the 
parameter fi of equation 13. 

4 High Resolution Very Long Baseline Interferometry (VLBI) Astronomy 
in Space 

4,1 The Effect of Oscillator Instability on the Measurement of Angles 

High precision measurement of the angle between the propagation 
vector of a signal and the direction of a baseline, defined as the line between 
the phase centers of two widely separated radio telescope antennas, can be 
made with VLBI techniques 24 shown in Figure 11. Here, two radio telescopes, 
separated by a distance, L, each detect the arrival of radio noise signals from a 
distant radio star. After heterodyning to a lower frequency the noise signals 
are recorded as a function of time and the two sets of noise data are 
subsequently time-correlated. The observable quantities from the correlation 
process are the correlated amplitude and the relative phase of the signals 
detected at the widely separated points on the wavefront. VLBI 
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measurements have been used in light deflection tests of relativistic 
gravitation . 25 

The stability limit on the successive measurements of angle imposed 
by the oscillator instability on successive measurements of angle taken x 
seconds apart is 


GagW ~ 


c x a v (T) 
L sin 8 ' 


(14) 


where 0 is the angle between the propagation vector and the baseline. The 
result of correlating the noise data obtained from a common source by the 
two stations is the production of fringes analogous to those observed from 
two-slit optical diffraction. The spacing between the fringes is X/~L Sin0 , 
where X is the average wavelength of the signals arriving at the antennas. 
The visibility of the fringes depends on the extent to which the signals 
arriving at the antennas are correlated. 

The angular resolution of the interferometer is given by the change of 
fringe phase, <{>, with 0 


d<(> 2kL 
d0 = X 


(15) 


The error in successive angular measurements owing to the instability 
of the clocks in a terrestrial system with L = 6000 km, assuming o y (10 3 sec) = 1 
x 10 " 15 , and 0 = 7 t/ 2 , is given by 

a A 0 (10 3 sec) = 5 x 10~ n rad or 2 p arcsec. 

This is far smaller than the present actual limit of 100 ji arcsec level 
from terrestrial stations with an 8000-km baseline operating at 7 mm 
wavelength . 26 The effects of tropospheric and ionospheric fluctuations 
impose limits that are far more serious than clock instability. 

By operating VLBI stations in space, limits in angular resolution owing 
to tropospheric and ionospheric propagation and baseline distance, imposed 
by the size of the earth, can be overcome . 

A successful demonstration of a spaceborne radio telescope operating as 
a VLBI terminal was made in 1986 27 using NASA's orbital Tracking and Data 
Relay Satellite System (TDRSS) system as a spaceborne radio telescope in 
conjunction with a number of radio telescopes on earth. 

As an example of the limits that a spaceborne two station system could 

achieve, let us consider a spaceborne system where L = 5 xlO 6 km, 

Oy (10 4 sec) = 4 x 10* 16 , and 0 = %/2. In this case. 
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0 A0 (10 4 ) = 2 x 10- 13 rad or 0.05 parcsec . 

For X = 1 mm we have X/L =2 x 10“ 13 rad and we see that the limit 

imposed by dock stability with 10 4 sec integration time is capable of resolving 
fringes at 1-mm wavelengths in a spaceborne system with baseline distances 

of 5 x 10 6 km. The numbers in this example are chosen to be dose to present 
estimates of the limits for having reasonably well correlated flux at the two 
stations 28 at the distances chosen. 

Terrestrial VLBI systems are now used to record polar motion and 
rotation of the earth and to monitor the movements of the earth's tectonic 
plates. While relative positions of radio stars, and features of their brightness 
distribution, can be made with a predsion of a few tenths of a milliarcsecond, 
the absolute directions in space of the baselines between VLBI stations depend 
on the choice of a frame of reference. This reference is usually taken from the 
position of very distant radio sources. 

4.2 A Spaceborne Four Terminal (VLBI) Array that Establishes an Inertial 
Reference Frame, a “Gedanken" System to Exercise our Imaginations. 

Let us assume an array of four stations, separated by about 5 x 10 6 
kilometers and in the form of a tetrahedron defining a three-dimensional 
figure in space. Figure 12 shows such an array. Each station contains a dock 
and is connected to its three neighbors by the four link system shown in Figure 
7. 29 The six baseline distances can be predsely measured, using one-way and 
two-way Doppler techniques discussed earlier, and thus precisely define the 
configuration of the array as a function of time. 

Defining the orientation of the array of six baselines poses an 
interesting problem. The distant radio stars define the conventionally used 
inertial frame. By invoking the Sagnac effect, 30 we can define an inertial 
frame based on the velocity of light, and it should be possible to determine 
changes in the orientation of the array in terms this frame. 

To describe the Sagnac process, we visualize the arrival times of light 
signals sent in opposite senses about a dosed path on a surface rotating at Q 
rad /second. If the projected area, perpendicular to the rotation axis, on that 
surface is A, then the difference in the arrival times of light signals going 
around the path in opposite senses is Ax = 4QA/ c 2 . By measuring the 
difference in arrival times of signals going in opposite senses about a triangle 
defining one face of the tetrahedron, we can obtain the component of rotation 
normal to that face. From the four triangles that define the tetrahedron we 
have an overdetermination of the rotation and can make an estimate of the 
accuracy of its measurement. 

For the array shown in Figure 12, the limitation due to the accuracy of 
the detection of changes in rotation rate, AQ, is 1.2 x 10' 15 rad/sec. If the array 
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is located at 1 AU from the sun, such a rotation measurement would include 
the Einstein-deSitter precession of 2 x 10‘ 1 2 3 4 arcsec/yr (3 x 10 ‘ 15 rad/sec) owing 
to the bending of space-time by the sun's gravity. 

This array could compare, with very high precision, the frame of reference 
defined by the most distant radio sources with an inertial frame defined by 
the local isotropy and constancy of the velocity of light. Could it provide a 
way to observe some aspect of the behavior of the missing matter in the 
universe? Perhaps theorists could be tempted to speculate about scenarios 
that could be revealed with this system. 


5 Conclusion 

Since the mid 1960s the frequency stability of atomic clocks (or 
oscillators) has been improving by a factor of about ten every decade, so far 
with no end in sight. The units of time and frequency, and the now redefined 
unit of distance through the velocity of light, are solidly based on atomic 
frequency standards. This metrology has been made consistent with present 
concepts of gravitation and relativity. We now make measurements of 
astronomical and astrophysics! objects near the edge of our universe with 
clocks that operate using quantum processes whose dimensions encompass 
staggeringly smaller distance scales. As the performance of atomic clocks 
improves and their uses are extended in astrophysical measurements, 
perhaps we will see some surprises about the nature of our universe. 
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Figure 8 

Space-Time Diagram of Signals the 4 Link System Showing Cancellation of Near Earth Disturbances 
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Gravitational Frequency Signatures in Solar Probe Data 
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VLB! enables the highest angular resolution of any astronomical technique (100 p. arc-sec) 
Operation in space removes limitations imposed by atmospheric disturbances and finite baseline length 





Hydrogen Maser for Space 

E.M. Mattison, D.A. Boyd, J.F. Maddox, G.U. Nystrom and R.F.C. Vessot 
Smithsonian Astrophysical Observatory 
Cambridge, Massachusetts 

Clocks in Space: the Hydrogen Maser Clock Program 

Frequency references - high stability clocks - increasingly find applications in 
space missions. Atomic clocks of ever increasing stability have present and potential 
uses as frequency references for the GLONASS and Global Positioning System 
navigation systems, local oscillators for space-based Very Long Baseline Interferometry, 
"proper" clocks for tests of general relativity, frequency references for detection of 
gravitational radiation, and "traveling clocks" for worldwide time transfer. 

Clocks for use in space must satisfy several restrictions and requirements, many 
of which are also requirements or desirable features of earth-based clocks. These 
requirements include: 

- Limitations on mass, size and power 

- Requirements for reliable long-term unattended operation 

- Ability to withstand vibrational loads during launch 

- Ability to tolerate varying magnetic fields 

- Ability to cope with a varying thermal environment 

An active atomic hydrogen maser for long-term use in space has been designed 
and built as part of the Smithsonian Astrophysical Observatory's Hydrogen Maser 
Clock (HMC) project. HMC is a NASA-sponsored program with the goal of producing 
and demonstrating a space-qualified hydrogen maser with drift-removed fractional 
frequency stability of 10 -15 or better in one day. The HMC maser is an evolutionary 
outgrowth of a two-decade long SAO program of research and development of 
hydrogen masers for earth and space use. 1 ' 2 3 The maser and its control electronics have 
been designed as an integrated system to cope with the requirements of space flight. 

We discuss below characteristics of its mechanical, magnetic and thermal design that 
are particularly relevant to use in space. 

The HMC maser is designed for use with a variety of spacecraft, requiring only 
an appropriate mechanical connection and electrical interface. It was originally to be 
tested aboard the European Space Agency's Eureca spacecraft, and then, following 
cancellation of the planned Eureca reflight, on the Russian Mir space station 4 . At 
present the flight portion of the HMC program has been terminated, and the flight 
model maser and its electronics are undergoing laboratory testing at SAO. 

Mechanical and Structural Characteristics 

The HMC maser's physics unit, shown in in cross-section in figures 1 and 2, takes 
the general form of a cylinder 84 cm long and 43 cm in diameter. The maser's main 
components are its quartz storage bulb and low-expansion resonant cavity; the titanium 
vacuum tank that contains the cavity; a stainless steel vacuum manifold that includes 
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two sorption pumps for scavenging hydrogen and two small ion pumps for removing 
other gases; a LLAIH 4 hydrogen source and a glass dissociator chamber for producing a 
beam of hydrogen atoms; electrical heaters, insulation and thermistors for temperature 
control; and magnetic shields and solenoids for magnetic field control. In addition, the 
physics unit contains electronic components that amplify the 1420 MHz maser signal 
from the cavity and electrically isolate the cavity from external perturbations. Separate 
units contain analog and digital control and monitoring electronics, the R.F. receiver 
that phase-locks a 100 MHz crystal oscillator to the maser signal, and a microprocessor 
that controls the maser's electronics and acts as an interface with the spacecraft's data 
and telecommand system. The masses of the major instrument elements are given in 
Table 1. Additional elements, whose masses depend upon the specific spacecraft used, 
are the bracket that mounts the maser to the spacecraft, and any additional spacecraft- 
specific electronics. 


Table 1. HMC Instrument Mass Summary 

Element 

Mass (kg) 

Maser physics unit 

70.7 

Control and RF electronics 

27.9 


Structurally, the maser is supported from a circular aluminum midplane plate, 
which supports the maser's resonant cavity and vacuum tank on one side, and its 
vacuum manifold and hydrogen source on the other. The midplane plate is the main 
structure for mounting the maser to the spacecraft. A titanium "aft neck" tube connects 
one end of the vacuum tank to the midplane plate and the vacuum manifold, while a 
similar "forward neck" connects the other end of the vacuum tank to the maser's 
cylindrical outer aluminum housing. The housing, in turn, transfers the forward neck's 
load to the midplane plate. By means of an ANSYS finite element model with 
approximately 2800 nodes, the HMC maser has been designed to cope with the 
vibrational and accelerational loads of a Space Shuttle launch. It can withstand at least 
15 g's r.m.s., in all axes acting simultaneously, in a spectrum from 20 Hz to 2 kHz. The 
maser's lowest mechanical resonant frequency is 46 Hz. The flight cavity and vacuum 
tank, which are the most critical components, have been tested to flight input 
vibrational levels. 

Magnetic Field Control 

A spacecraft in low earth orbit experiences the earth's magnetic field, with a 
magnitude of about 0.5 gauss and a variation over an orbit of up to ±0.5 gauss, 
depending upon the spacecraft's attitude in orbit. In addition, some spacecraft create 
variable magnetic fields themselves, for example by magnetic torquers used for attitude 
control. The magnetic field within the maser's storage bulb must be maintained at a 
level on the order of 0.3 milligauss. To achieve frequency stability of better than 
Af / fclxlO' 15 , the temporal variation of the internal magnetic field must be less than 
AH<0.8xl0 -6 gauss. To achieve these conditions the HMC maser utilizes passive 
magnetic shields, internal solenoids and an active magnetic compensation system. 
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As shown in figure 1, the maser's resonant cavity and titanium vacuum tank are 
surrounded by a three-section, two-layer cylindrical printed dr cult solenoid that creates 
the internal magnetic field of approximately 0.3 milligauss, and by four layers of 
concentric magnetic shields that attenuate external fields. The outermost shield extends 
to endose the vacuum pump manifold and atomic hydrogen dissodator, reducing 
external fields that could perturb the state-selected atomic hydrogen beam. The 
measured shielding factor of these Hypemom shields is 

Sp aS sive=^ SL “ 3 - 4 > < 105 

The passive shields are augmented by an active magnetic compensation system. 
A single-axis fiuxgate magnetometer sensor is mounted inside the outer shield to sense 
the axial field near the end of the maser. A compensation coil is wound on the outside 
cylindrical surface of the next shield, and a feedback drcuit drives the coil to keep the 
field sensed by the magnetometer constant. The shielding factor for the total magnetic 
control system, determined by measuring the transverse ("Zeeman") resonance 
frequency in the oscillating maser' storage bulb, is 

Stotal - 2.8 x 10 6 

With this shielding factor, the expected maximum fractional frequency variation due to 
movement through the earth's field is on the order of Af/f ~ 2 x 10 -16 . 

Thermal Control System Design Features 

Temperature changes of the maser's resonant cavity and storage bulb affect the 
maser's output frequency. To keep frequency variations below the level of 1 part in 
10 15 , the cavity temperature must be maintained constant to approximately 10 -4 °C. 

The HMC maser employs several strategies to achieve this level of temperature control. 
To control heat flow from the vacuum tank, the maser's structure is divided into three 
concentric isothermal control regions. Thermal gradients are controlled by subdividing 
each isothermal region into multiple independently controlled zones, by mounting 
controlled guard heaters on heat leakage paths, by separating heaters from the primary 
controlled structure (the vacuum tank) and by carefully calibrating and matching 
thermistors and setpoint resistors to ensure that all zones of an isothermal region 
control at the same temperature. Radiative heat flow is reduced by means of multilayer 
insulation in the spaces between the regions, which are evacuated by being open to the 
space environment, while conductive heat flow is controlled by design of the segmented 
nylon rings that support the magnetic shields. 

As shown in Figure 2, the innermost isothermal region, which is the titanium 
vacuum tank that surrounds the resonant cavity, is maintained at 50°C. The resolution 
of the tank control system is 1 x 10 -4 degrees. To reduce thermal gradients in the tank, 
the three tank heaters are separate from the tank itself, one being located on the outside 
surface of the inner magnetic shield that is directly outside the tank and the others on 
the titanium neck tubes where they connect to either end of the tank. 
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The tank, in turn, is surrounded by an aluminum oven that is located directly 
over the third magnetic shield and whose temperature is maintained at 41°C. The oven 
region acts as a guard to control heat that flows from the tank region both radiatively 
from the tank surface and conductively along the magnetic shield supports and the 
titanium support necks. The oven region consists of three control zones located on the 
cylinder and end surfaces of the oven, and two zones mounted on the outer ends of the 
support necks. 

The third isothermal region consists of the midplane plate and an outer 
aluminum support shell that directly surrounds the fourth magnetic shield. This zone 
is maintained at approximately 27°C by a control thermistor and set of heaters mounted 
on the midplane plate. 

In addition to the thermal control zones that are integral with the maser, the 
system includes a controlled temperature guard station on the structure that mounts the 
maser to the spacecraft, to act as a first stage of isolation from the conductive 
environment. The entire instrument is surrounded with multilayer insulation to isolate 
it from the radiative environment. 

The thermal control system incorporates several electronic and hardware 
features to achieve the high degree of thermal stability required. The digital electronic 
control system is based upon four 68HC11 microcontrollers, each of which can control 
up to five thermal zones. Each 68HC11 includes a microprocessor, an 8-bit analog-to- 
digital converter with eight-channel multiplexer, and timer registers that are used as 
pulse-width modulators (PWM) for high-efficiency switched heater power control. The 
vacuum tank heaters, which are closest to the maser's resonant cavity, are powered by 
high-frequency (~8 kHz) PWMs to avoid perturbation of the maser oscillation; the other 
heaters are switched at a 30 Hz rate. The thermal control program incorporates a three- 
mode PID (proportional, integral and differential) algorithm to eliminate proportional 
offset. (Differential control is included in the algorithm, but has not been found to be 
useful in this application.) 

Components of the thermal control system have been chosen for thermal stability 
and low magnetic field production. Thermistors are glass-encapsulated, high stability 
units that have been burned in. Monitor and control thermistors for each zone are 
chosen to be matched. Temperature setpoint resistors are chosen to have low 
temperature coefficients, and are physically mounted on a temperature controlled zone 
within the maser for minimum temperature perturbation. Heaters are flexible printed 
circuits with Kapton film insulation. For each heater identical etched foil elements are 
overlayed with opposite current flow, to minimize magnetic field production. 

The ability of the thermal control system to stabilize the tank zone temperatures 
in the face of external temperature changes is shown by the data of Table 2. For these 
measurements, which were made on the engineering model of the maser, the 
temperatures of the maser support structure and the forward neck guard zone were 
separately lowered by 2°C. 
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Table 2. Response of tank control zones to external temperature change 



AT(Support) = -2 °C 

AT(Fwd neck) = -2 °C 

AT(Tank forward): 

-0.1 x 1(H °C 

+0.2 x 10 “4 °C 

AT(Tank cylinder): 

+1 x 10 -4 °C 

-1 x 1(H °C 

AT(Tank aft): 

+3 x 10- 4 °C 

-2 x IQ" 4 °C 
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Figure 1 . HMC maser - major components 
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Figure 2. Thermal Control Zone Locations 
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Ultrastable and Ultralow Phase Noise Microwave Sapphire Oscillators 
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Abstract 

At the University of Western Australia we have a broad program exploiting the properties of artificial 
sapphire in oscillators, transducers, optics, laser stabilisation and mechanical test masses for precision 
experiments. Here we report progress in the development of both both high stability and low phase noise 
microwave oscillators. We have continued to develop 12 GHz oscillators based on a whispering gallery 
modes of 5 cm diameter sapphire resonators operated at 5-6K. The latest resonator has been tested inside 

a gold-plated copper shield. It has a frequency-turning point at 5.3 K and unloaded Q of 2 x 10 ^. The 
loop oscillator frequency is locked to the resonator by active Pound stabilization and a second servo which 
removes amplitude modulation. The resonator temperature and incident microwave power are also servo 
controlled. The best oscillator stability achieved so far is characterised by an Allan standard deviation of 

about 2.5 x 10" 15 t“1 ^ from 0.3 to 30 seconds, limited by the measurement system and servo system 

noise floors. At about 50 s the Allan deviation reaches a minimum of 8 x 10“ 1 t5 . This represents 
frequency stabilization to better than 1 ppm of the resonator bandwidth. Up to 100 seconds the stability 

degrades as approximately 1 to 2 x 10 ~ 1 6 x 1/2 This medium term drift appears to be associated with 
mechanical instability of the resonator. Provided this problem can be solved there is scope, using high 
modulation index phase modulators, for achieving an Allan deviation of few times 10~'6 1-112 j n the near 
future. 

We also report advances in low-noise microwave oscillator technology. We developed a new type of 
phase noise suppression technique based on the Ivanov-Tobar-Woode (ITW) phase detector. This 
detector is several orders of magnitude more sensitive than the conventional phase detector. At room 
temperature we have shown that the ITW detector can suppress the noise of a free running oscillator by at 
least 50 dB, whereas the conventional detector only supplies at most 25 dB suppression. A room 
temperature oscillator constructed using this technique exhibits a phase noise of -150 dBc/Hz @ 1 kHz 

offset . A liquid nitrogen temperature oscillator with a Q e of 5x10^ exhibits a phase noise of -165 

dBc/Hz @ 1 kHz offset from a 9 GHz carrier using a conventional phase noise suppression technique. 
This is over 20 dB better than any Other cryogenically cooled oscillator . By incorporating a liquid 
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nitrogen cooled ITW detector into the oscillator, we have shown that a phase noise of order -185 dBc/Hz 
@ 1 kHz can be achieved. 

In the future we expect to achieve very high performance in an oscillator suitable for passive radiatively 
cooled space operation. This will use temperature compensation at 50K to achieve ultralow phase noise 
and ultrahigh stability comparable to the present generation of cryogenic oscillators in a small package 
suitable for space clock missions. 

Introduction 

Sapphire oscillator research at the University of Western Australia was motivated by the extreme demands 
of gravitational wave detection. One research program aims at ultrahigh stability oscillators based on high 
Q-factor cryogenically cooled sapphire dielectric resonators. Initially these were operated in 
superconducting cavity shields, but the latest devices should achieve comparable performance using 
copper shields. A second program aims at the development of ultralow phase noise oscillators based on 
room temperature and 77K oscillators. A third program is using cryogenically cooled sapphire Fabry- 
Perot cavities to create ultrahigh stability laser oscillators at lum wavelenth. A fourth program combines 
ultralow phase noise oscillator technology with the sapphire transducer concept to create quantum limited 
transducers for gravitational wave detectors, and to test quantum non-demolition measurement schemes 
using combined microwave and mechanical resonators. 

In this paper we review just the first two aspects of this work, and show how they may be combined to 
create space qualified clocks radiatively cooled to about 50K. In part 1 below we describe the latest 
developments of cryogenic ultrastable oscillators. In part 2 we describe the ultralow phase noise 
techniques. Finally we discuss how these may be combined to create a practical ultrahigh performance 
space oscillator suitable for space clock missions, local oscillators for atomic standards, and as a local 
oscillator for the proposed LISA laser interferometer space antenna for gravitational waves. 

Part 1: Ultrastable Oscillators 

Over the last four years we have been constructing high stability microwave oscillators based around large 
(5cm diameter) cryogenic sapphire resonators [1-13]. The resonator is used as the feedback element in a 
loop oscillator at 12 GHz. Locking of the oscillator frequency to the center of resonance is provided by 
active Pound stabilization and a second servo which removes the deleterious effects of amplitude 
modulation generated by the Pound stabilization phase modulator. The resonator temperature and incident 
microwave power are both kept under servo control to minim ize fluctuations in the resonator frequency. 
This full set of four servos is now implemented on all oscillators under test, so that we are approaching the 
intrinsic stability limit of the resonator in the medium term rather than being limited, as in the past, by 
environmental influences acting on the oscillator components. We focus on the frequency stability results 
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from a comparison of the two sapphire oscillators and the noise floors of their servo systems. We report 
on tests on a third resonator and discuss the residual resonator drift. 

The Resonator 

Figure 1 shows a cross-sectional view of the cryostat insert containing the resonator. The resonator is 
based around a 5 cm diameter cylindrical monocrystalline sapphire element (S) supported by monolithic 
spindles inside an 8 cm diameter, 5 cm high metal cavity, which is nominally niobium (N). The cavity is 
supported on a copper post (Cu) inside a stainless steel pot (V). The pot has an indium seal (I) and is 
permanently evacuated through a copper crimp-off tube (C). A stainless steel support (SS) provides 
thermal isolation of the copper post from the liquid helium bath. Temperature (T) control to a precision of 

about 10" 5 K is provided by a carbon glass thermometer and a heater mounted in good thermal contact 
with the copper post. The vacuum pot (V) is placed inside another cylindrical chamber (O) which can be 
evacuated through a vacuum pipe (P). Semirigid coaxial cables connect through the cans to the cavity 
probes via SMA hermetic feedthroughs (F) and isolators, circulators, couplers and detectors are mounted 
on a microwave electronics platform (M) attached to the copper post. 

So far three nominally identical resonators have been cut from Crystal Systems "HEMEX" material; two 
from standard grade in 1991 (resonators 1 and 2) and one from white high purity grade in 1995 (resonator 

3). 


P 



V N O 


Figure 1 The sapphire resonator assembly. The letters are explained in the text. 
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Resonator Frequency-Temperature Dependence 


Extensive details of resonators 1 and 2 have been presented elsewhere [2, 11]. The frequency-temperature 
behaviour of the H 14 1 1 mode, which is representative of the H m y y (quasi-TE) mode family, is shown 

for all three resonators in Figure 2. The high confinement of field energy to the sapphire in the H 14 1 1 
mode results in the superconducting shield having a negligible influence on the mode frequency. 
Resonators 1 and 3 have a frequency maximum at 6 K and 5.3K respectively, described by a curvature 1/f 

d^f/dT^ ~ 10~9 K“2. This frequency maximum considerably relaxes the temperature control requirement: 
with readily achievable 0.1 mK regulation, a temperature offset of 10 mK from the peak would limit the 
(long term) fractional frequency fluctuations to ~ 1 x 10 " 15. Unfortunately, resonator 2 has no extrema in 
our preferred temperature range. However, it has a minimum slope of 3 x 10'^ K~1 at 6 K. The E m y y 

(quasi-TM) modes have a higher frequency-temperature turning point temperature (8-9K) which renders 
them less suitable for use as oscillator modes as their electrical Q-factor is lower at these higher 
temperatures (see below) and their curvatures are an order of magnitude higher. 



Temperature (K) 


Figure 2 Mode frequency temperature dependence of H 14 1 1 mode for resonators 1, 2 and 3. 
The origin of the vertical scale has been adjusted for the different modes to make the diagram more clear. 

The mode frequency temperature dependence of these resonators can be explained by a combination of the 
temperature dependence of the sapphire dielectric constant (lattice) and the ac susceptibility of 
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paramagnetic ions which have an electron spin resonance (ESR) above 100 GHz [11]. The temperature 
dependence of a given mode frequency, f, when the metallic shield has negligible influence, may be 
expressed as: 

(f 0 -f)/f 0 = AT4 + zCD(T) 

where fQ would be the frequency at absolute zero if no paramagnetic impurities were present. The first 

term represents the combined temperature dependence of the dielectric constant and the thermal expansion 
coefficient of the sapphire. A is somewhat mode dependent, being largest for E m j j modes and smallest 

for H m | j modes, the ratio of the two extremes being about 1.5. This mode dependence arises from the 

anisotropy of sapphire’s thermal expansion and dielectric constant. 


The second term represents the sum of the real part of the ac susceptibility, x , of all paramagnetic ions. 

The coefficient C is strongly mode dependent and proportional to the ion concentration. Below the ESR 
frequency of the dominant paramagnetic species mode frequency-temperature “self-compensation” can 
occur because the susceptibility temperature dependence has the correct sign to balance the permittivity 
temperature dependence. All modes in this regime feature a frequency maximum at some temperature, 
T m . T m is a very slow function of ion concentration: in the Curie law regime (D(T) = 1/T) it is 

proportional to while the second derivative of frequency with respect to temperature at the maxima is 

proportional to C^/5 [i], Mo^+ appears to be the dominant paramagnetic ion in our resonators, which is 
not unexpected since the sapphire is grown almost totally enclosed in a molybdenum crucible. The lowest 

ESR of Mo3+ is at 165 GHz [14], equivalent to a spin energy level spacing, AE/k, of some 7.9 K. Since 

the resonator mode frequencies of interest lie well below that ESR one obtains frequency-temperature self- 
compensation for all microwave modes up to the limit of our test equipment (22 GHz), allowing 
considerable freedom of choice of operating frequency. In this situation Tm only depends on the mode 
type. In resonator 2 the unusual frequency-temperature dependence, which closely follows that of 
resonator 1 up to 6 K, but rises to a frequency maximum at 13.5 K is indicative of a second paramagnetic 
species in resonator 2. This ion couples well to the H modes and negligibly to the E modes and its spin 

resonance becomes activated only above several K. A strong candidate is Ti^+, one, if not the only ion, 
which is highly anisotropic magnetic susceptibility in the corundum lattice and has a lowest electron spin 

resonance at about 1 THz [15] (AE/k ~54 K). Because the period of the applied magnetic field is much 

less than the magnetic relaxtion frequencies for these two ions the classical susceptibility should be zero. 
However the small Van Vleck contribution to the susceptibility is still of importance and when taken into 
account can explain the frequency-temperature curves very accurately. Further details of this aspect of our 
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work are published elsewhere [11]. Mo 3+ and Ti 3 + are present in all 3 resonators in varying amounts 
(see Table 1); resonator 2 demonstrates the effect most clearly as it has sufficient concentration to elevate 
T m above 5 or 6 K. 


Resonator 

1 

2 

3 

T m (K) 

6.0 

13.5 

5.3 

[Ti3+] 

1 

1.7 

2.0 

[Mo 3+ ] 

1 

0.9 

0.7 


Table 1 T m and concentrations [ ] of ions in resonators 1, 
determined from the frequency-temperature dependence of the j 


2 and 3, normalized to resonator 1 , 
I mode [11], 


Spectroscopy: 

In an attempt to identify the dominant paramagnetic species we have performed conventional X-band ESR 
spectroscopy from room temperature down to 100 K on mm size samples from a boule similar to resonator 
1 and the same boule as resonator 2. A sharp resonance, whose g factor varies as the crystal is rotated, 
from a maximum of 4 at 90 degrees to a minimum of 2 at 0 degrees, is readily identified as Mo 3 + [16]. 

Further confirmation is provided by a narrow field scan (Figure 3) which reveals its isotopic satellite 
peaks. The concentration, estimated by calibrating the spectrometer with a ruby sample, is about 0.3 ppm 
with a variation of some 50% between boules (see Table 1). Unfortunately the linewidth of Ti 3 + is so 
broad that it is not easily revealed by this technique even at liquid helium temperatures. Titanium has been 
recently reported in HEMEX at ppm concentrations by another technique [17]. 
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1.5 1.6 1.7 1.8 1.9 

field, H (kG) 

Figure 3 An ESR magnetic field scan at 90 degrees orientation and 100 K, revealing primary and 
two (isotopic) satellite resonances of Mq 3+ in a Crystal Systems HEMEX sapphire sample. 


Q factors 

The unloaded electrical quality factor of a shielded dielectric resonator is given by: 

Qo' 1 = F c (tan 8 + %") + R S r _1 

where F c is the confinement factor (~ 0.95), determined by the ratio of the mode’s energy stored in the 
dielectric to the total stored energy, tan 8 is the loss tangent of the dielectric and % ", the imaginary part of 
the ac susceptibility, represents losses due to paramagnetic impurities in the dielectric. The third term 
represents losses at the walls: Rs is the surface resistance and F is a geometry factor describing the 
magnetic field at the walls. 


The Q as a function of temperature around 12 GHz for resonator 1 has already been reported [4] and is 
shown in Figure 4. The Q factor shows a steady improvement on cooling; from 2.8 x 10 9 at 6 K, to 4.5 x 
IQ 9 at 4.2 K, to 8.3 x 10 9 at 1.55 K. 
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Figure 4 Unloaded Q as a function of temperature at 12.7 GHz (Eis 1 l) and 1 1.9 GHz (H 14 1 1 ) 
for resonator 1 . 


In Figure 5 we display the temperature dependence of Q for the H 14 1 1 mode in resonator 2. The 
Q is again a decreasing function of temperature. Below 6 K it is somewhat lower than in resonator 1 . 



Figure 5 Unloaded Q as a function of temperature at 1 1.9 GHz (H 14 1 1 ) for resonator 2. 

The unloaded Q for the H 14 1 1 mode in resonator 3 is about 2-2.5 x 10 ^ at 4.3 K and 25% lower at 5.3 
K. Fully coupled resonators 1 and 2 have exhibited an unloaded Q at 6 K of only 1.4 to 2 x 10 ^, which 
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can be attributed to contamination of the sapphire surface. Recleaning resonators 1 in HF/nitric acid bath 
restored its unloaded Q to 4 x 10^ at 4.2 K. 


All three HEMEX resonators exhibit chromium and iron impurity levels of the order of parts per billion, as 
determined by measurement of the mode frequency shift (%') as the electron spin resonances (ESRs) at 

11.45 GHz (Cr 3 +) and 12.05 GHz (Fe 3+ ) are alternately saturated [1]. Thus paramagnetic losses from 
theCr 3 + and Fe 3 + ESRs, are expected to be negligible. The effect of the niobium walls is very small for 
the H 14 i i mode as is evident from the small change in Q across the niobium superconducting transition 

temperature, at 9.25 K : the geometry factor F is of order 10^ [12]. Since the BCS surface resistance at X 

band drops by at least two orders of magnitude from 9.25 K to 6 K, we conclude that below 6 K the 
observed Q values are determined by the sapphire alone. 


Resonator Frequency-Power Dependence 

All resonators show an approximately linear dependence of mode frequency on the microwave power 
dissipated in the resonator, —lO'lO per mW, consistent with the permittivity change due to 

electromagnetic radiation pressure [18] with an unloaded Q of 2 x 10^. The coefficient does not vary 
significantly over the H m i i mode family [13]. This effect would limit the long term frequency stability 

to the 10 ' 14 level if the power level were unregulated since power fluctuations of up to 0. 1 % are possible 
with our microwave amplifiers. To limit the influence of power instability we have implemented a power 
level servo. 

Small multiple hysteretic effects in the power depndence of mode frequency are present in both resonators 
which probably don't affect the frequency stability and were not visible before the advent of extremely 
high resolution swept power measurements [9, 12]. In resonator 1 below 0.25 mW, one hysteresis loop 
and several small frequency steps are due to superconducting contamination on the surface of the sapphire, 
which is also seen in high resolution measurements of the temperature dependence of the electrical Q-factor 
[12]. In resonator 1 at 0.4 mW and resonator 2 at 1.4 mW a narrow hysteresis loop (-0.05 Hz high) is 
observed in the H 14 l \ mode. This phenomenon, which is not related to superconductivity, may be due 
to saturation of an electron spin resonance and warrants further investigation. 
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Oscillator Configuration 


The oscillator circuit is the loop oscillator configuration [9] shown in Figure 6. In transmission the 
sapphire dielectric resonator (SDR) is the primary frequency determining element of the free-running loop 
oscillator and in reflection it is the dispersive element in an active Pound-type frequency stabilisation 
scheme. A bandpass filter (Q~l()3) is necessary to select the required SDR mode. The circuit losses are 
compensated by the gain of the GaAs FET amplifier (A) which runs in slight saturation. 



CRYOSTAT (6 K) 


POWEI 

STABIt 

SERVO 


POUND FREQ. 
SERVO 


AM 

SERVO 


Figure 6 The loop oscillator circuit. 


The loop electrical length is servo controlled by the Pound frequency stabilization scheme to lock the 
oscillation frequency to the center of resonance. The carrier incident on the SDR is phase modulated by a 
varactor diode phase shifter (PS1) driven by a crystal reference oscillator, at a rate of 80 kHz, which is 
much larger than the resonator bandwidth. PM-to-AM conversion upon reflection provides the 
discriminator signal which is recovered by synchronous detection with the reference oscillator. The SDR 
input coupling is set near unity for maximum carrier suppression which allows square law operation of the 
detector diode (Dl). This maximizes the discriminator sensitivity and minimizes the sensitivity to 
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incidental AM generated by the phase modulator PS 1 (see below). After amplification and filtering the 
discriminator signal is fed back to a second varactor diode phase shifter (PS2) to control the frequency of 
the loop oscillator. The transfer function of the Pound frequency stabilization circuit is essentially that of a 
single-pole integrator and has a unity gain crossover point at about 1 kHz. Power from the oscillator is 
extracted after the VGA and before PS1. 


All of the loop oscillator components are at room temperature except for the circulator (C) and isolators (I) 
(typically 3 per transmission line) that are placed near the resonator to minimize frequency pulling effects. 
The microwave power dissipated in the resonator is typically less than 0.5 mW and is regulated by the 
power servo comprising detector (D2) and voltage controlled attenuator (VGA). This servo minimizes 
amplifier power fluctuations, the variation of insertion loss of PS2 with the error voltage from the 
frequency stabilization servo and the long term variation of incident power on the resonator due to the 
variation of transmission line attenuation with liquid helium bath level. 


D1 and D2 are tunnel diode detectors placed near the resonator in the cryogenic environment. The 
advantage of this position is that it eliminates the room temperature dependence of detector sensitivity and 
improves the signal-to-noise ratio by eliminating transmission line loss (typically 5 dB) before the 
detectors. The power servo detector (D2) is operated at a power level corresponding to its highest 
sensitivity. By judicious choice of the coupling ratio of the directional coupler (DC) that provides power 
to D2 we can change the ratio of loop power to the fixed diode power. This allows us to trade off the 
noise floor of the power servo against the frequency stabilization servo noise floor in order to optimize the 
stability of the oscillator. 


Both phase modulators have a variation of insertion loss (IL) with bias level that causes incidental 
amplitude modulation (AM) together with the desired phase modulation (PM). Incidental AM due to the 
error signal in PS2 is removed by the power servo. However the component of the AM generated by PS 1 
which is in phase with its PM will masquerade as a frequency offset error at the discriminator. Any 
variations in the level of this AM will induce frequency fluctuations. In some of our modulators we find a 
turning point in the variation of IL with bias. If we operate at this extremum we can eliminate the AM. 
This turning point has a temperature coefficient resulting in changes of the AM level (hence frequency 
offset) with room temperature. To reduce the variation in unwanted AM we have implemented an AM 
servo which keeps the phase modulator bias level at the turning point. A lock-in amplifier monitoring the 
power servo detector (D2) recovers the in-phase component of the AM and provides an error signal for the 
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bias of the phase modulator (PS1). When this fourth (AM) servo system is running the temperature 
sensitivity of the oscillator drops to about 1 x 10 ' 14 K'l. 


One deficiency of the loop oscillator is the feedthrough off resonance which gives a dependence of 
frequency on loop phase through interference of the transmitted 80 kHz sidebands with the original ones 
generated in PS 1 . The cardinal solution to this problem is locking a synthesizer chain in reflection. We 
locked a microwave synthesizer to resonator 3 in reflection and, without spending any time to optimize 

performance, beat it against oscillator 2 getting a minimum of Allan Deviation of 3 x 10" at 3 seconds, 
and medium term drift possibly because oscillator 2 was using a dc temperature bridge (Lakeshore 
controller, see below) instead of an ac temp, bridge. 


Oscillator Stability Measurement System 

To evaluate oscillator performance we constructed two nominally identical systems around resonators 1 
and 2, (oscillators 1 and 2) which are mounted in separate cryostats, and performed a standard two 
oscillator comparison using a double heterodyne configuration. The first difference frequency of 3.75 
MHz (which is due to the slight dimensional mismatch between the resonators) is mixed with a similar 
frequency from a HP8662A synthesizer which has less absolute instability. For time domain 
measurements longer than 0.4 second the synthesizer is locked to a HP5065A rubidium frequency 
standard and is set to generate a second difference frequency near 220 Hz which is then counted in a 300 
Hz bandwidth on a HP53131A frequency counter. The noise floor of this method is inadequate to 
characterize our oscillators at short times (see below). Previously we had used a "zero-beat" technique to 
circumvent the counter noise for measurement times under a few seconds [5, 7]. 


Frequency Stability Measurements 

The oscillator stability measured in the time domain, combining Feb 1995 frequency counter data (curves 
la and lb) and our earlier (Aug 1993) "zero-beat" technique data (curve 3) [4] is shown in Figure 7. Also 
shown (point 2) is the upper bound on the stability of sapphire oscillator 1 at 1000 s obtained by beating it 
against a Shanghai Observatory H-maser, model H-M12A [5]. A factor of V2 has been removed from 
curves la, lb and 3 to display the Allan deviation due to a single oscillator, assuming equal instability in 
each. 

The noise floors of these measurements and estimates of various oscillator instabilities are discussed in the 
next section and shown in Figure 9. At short times (<0.1 s) the Allan deviation appears to fall faster than 
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x~l because of the bright line structure from vibrational modes in the resonator and power line frequency 
modulation, as can be seen between 10 and 300 Hz in the plot of oscillator phase noise Figure 8 [10]. 


io 



Figure 7 Allan deviation of single sapphire oscillator: la, lb frequency counter data (Feb 1995); 2 
sapphire osc. 1 vs H-maser (May 94) [5]; 3 "zero-beat" technique data (Aug 1993) [4]. 



Fourier frequency (Hz) 

Figure 8 Single oscillator double-sided phase noise of the two oscillators. The dashed line is the 
measured noise floor of the frequency servo (F). The solid line shows the noise (calculated) when F is 
open loop. The enhancement at 100Hz is due to the small phase margin of the frequency servo. 

Amplifier flicker phase noise was present in the earlier measurements [7] because at this time the oscillator 
output was taken from the loop immediately after the amplifier and before PS 2. The measured stability 

below 0.1 s [7] was consistent with amplifier flicker phase noise of S(|) = 100/f dBc Hz'l which 
translates to an Allan deviation of approximately 5 x 10~16/ x From 0.3 to 30 s the Allan standard 
deviation is about 2.5 x 10" ' 5 T'l /2 and limited mainly by the measurement system noise floor (see 
below). At about 50 s the Allan deviation reaches a minimum of 8 x 10"16. up to 100 seconds the 
stability degrades as approximately 1 to 2 x 10'16 x 1 / 2 ^ w hi c h is consistent with the earlier 
measurement of 4 x 10 ' 15 for oscillator 1 against a H-maser [5]. Curve lb was obtained several days 
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after the initial liquid helium transfer, at an time when the after-effects of the resulting mechanical 
disturbance had decayed away, whilst curve la was obtained one to two days after the transfer. 

System Noise Floors 



Figure 9 Frequency stability: data (Best SRAV) and noise floors; individually, of the measurement 
system (C) and oscillator servo systems (AM, F, P, T), and their combined total. 


Before installing cryogenic detectors in oscillator 2 we measured the noise floors of the power and 
frequency control servo systems (for oscillator 2) by placing an identical open loop servo system in 
parallel with the original, including a second detector which shares half of the microwave power of the 
original detector. The inferred Allan deviation due to the noise floor of the frequency control servo (F) is 

approximately 1 x 10 " 15 x l/2 5 as [ s expected for the white frequency noise of the discriminator. This is 

in agreement with 1.4 x 10'15 x-1/2, calculated from the known detector sensitivity and noise floor and 

the -30 dB sideband to carrier power ratio of the 80 kHz modulation [10]. The Pound frequency 
discriminator white frequency noise floor may be described by: 

ct y F = 2 x (10 9 /Q) [0.34/J 0 (m)J 1 (m)] 10"15 x -l/2 

where J()(m) and 1 j (m) are 1st order Bessel functions and m is the 80 kHz phase modulation index. A 
similar calculation for the AM servo yields about 2 x 10 ' 16 while direct measurement of the noise 

floor yielded around 6 x 10" 16 x -l/2 [10]. The inferred Allan deviation due to the power servo (P) is 
essentially flat, which is consistent with operation of the detector in its 1/f frequency regime. By raising m 
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a factor of 4 (to 0.24') in both oscillators we saw no improvement in the stability of the beat note, which 
im plies that the observed stability is limited by the measurement system noise floor (C) TIPI. 


The requirement for temperature stability in resonator 2 is very strict as it has no turning point and only a 
minimu m slope of 3 Hz K"l. We implemented a 3 microKelvin resolution ac temperature bridge [9], 
initially using a room temperature reference resistor. Previously we had used a commercial dc bridge 
(Lake Shore DRC-91CA temperature controller) [5] which is affected by thermoelectric voltages generated 
in the room temperature connections to the thermometer leads. This resulted in a sensitivity to room 
temperature and medium term drift and was probably responsible for limiting the previously reported 

oscillator stability to an apparent floor near 3 to 4 x 10' 15 [5]. The inferred Allan deviation resulting 
from the temperature fluctuations measured using a second (monitor) ac temperature bridge (thermometer 
near the resonator), when resonator 2 temperature was servoed by the ac temperature bridge is shown as 
“T “ in Figure 9. 


Improvements to the stability limited by the electronics are possible. Abandoning resonator 2 in favor of 
3, pushes the resonator temperature stability limit down to 10" 16 to 10' 17. Using the optimum (m~l 
radian) index of 80 kHz modulation by using a 60 degree digital phase shifter for PS1, which would raise 
the modulation sidebands by about 25 dB, it would be possible to achieve a discriminator white frequency 

noise floor of about 10'1 6 X~1 /2 . The residual AM could be nulled via the VGA: we have achieved active 

nulling below 10' 15 in bench tests. A careful design of the modulator to minimize AM may also be 
required, since the AM servo requires at least 25 dB more gain. 


Residual Drift 

The frequency drift at times longer than 20 to 50 seconds is not correlated with any of our servos, room 
temperature or liquid helium bath pressure. It amounts to about 10" 15 over one day. Both oscillators are 
somewhat microphonic, in proportion to their measured acceleration sensitivities: ~3 x 10~9 g'l for 
oscillator 1 and 5 x 10" 10 g'l for oscillator 2. When a severe mechanical disturbance is applied to the 
dewar top-plate, oscillator 1 shifts about 10" 10 to 10~9 while oscillator 2 shifts about 10" 15. After the 
disturbance a linear drift of the resonant frequency is noted. The slope of this drift decays away 
logarithmically to a drift rate of approximately ~10"15 per day after a few days. These effects are not 
observed on any of the servos which implies that the offsets are changes in the resonator frequency. The 
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amount of offset depends on the thermal history. However we know this offset problem is soluble 
because in the prototype 3cm resonator, which has kept continuously at 4K for at least one year at CSIRO 
NML and undergone relatively few thermal cycles, the frequency offsets are only of order 10 ' 13 to 10" 14. 
The best frequency stability data (curve lb in Figure 2) we have achieved was obtained five days after the 
initial liquid helium transfer and the resulting mechanical after-effects had decayed away. This data also 
suggests that mechanical instability is responsible for the limit to the frequency stability. 


Frequency pulling from nearby cavity-like modes and/or the input coupling probe have been proposed as 
the only viable mechanisms to account for the observed drift and acceleration sensitivity. The frequency 
spectrum around the H 14 1 1 operating mode is dense: in each resonator the nearest cavity-like modes are 

only 15 to 25 MHz away. These modes are grossly overcoupled, with loaded Qs of 3 x 10^. We 
investigated the nearest one in resonator 1. One can estimate that the frequency pulling of the sapphire 
mode due to reactive coupling between sapphire and cavity-like modes will be attenuated by about 40 dB 

[19]. This is in rough agreement with the measured acceleration sensitivities: about 4 x 10"^ g'l for the 
cavity-like mode compared to ~3 x 10~9 g'l for the H 14 1 1 mode. We are investigating the placement 
of absorber to reduce the influence of nearby cavity-like modes and more rigid probe structures. 


Part 2. Ultralow phase noise oscillators 

Recently we made a significant advancement in low-noise microwave oscillator technologyWe developed a 
new type of phase noise suppression technique based on the Ivanov-Tobar-Woode (ITW) phase detector 
[20]. This detector is several orders of magnitude more sensitive than the conventional phase detector. At 
room temperature we have already shown that the ITW detector can suppress the noise of a free running 
oscillator by at least 50 dB[21], whereas the conventional detector only supplies at most 30 dB 
suppression [22,23]. A room temperature oscillator was constructed using this technique, and exhibited a 
phase noise of -150 dBc/Hz @ 1 kHz offset [21]. We are now extending this work to liquid nitrogen 
temperatures. So far we have built an oscillator which exhibits a phase noise of -165 dBc/Hz @ 1 kHz 
offset from a 9 GHz carrier using a conventional phase noise suppression technique [22]. This is over 20 
dB better than any other cryogenically cooled oscillator [24,25]. The oscillator is based on a liquid 

nitrogen cooled sapphire dielectric resonator with a Q e of 5x10^ [ 22 ], and a conventional servo that 

suppresses the oscillators phase fluctuations [26]. Our results are summarized in figure 10. By 
incorporating a compact liquid nitrogen cooled ITW detector into the oscillator described in [22], we have 
shown that a phase noise of order -185 dBc/Hz @ 1 kHz can be achieved. 
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Figure 10. Measured results of a 293 K ITW microwave oscillator and a 77 K microwave oscillator 
experiment. From these results we can project the performance of a 77 K ITW oscillator as shown. 


Principle of Operation 


The general configuration of the microwave loop oscillator with phase noise suppression is shown in 
Figure 11. 



Figure 11. Microwave oscillator with phase noise suppression system 
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The FD comprises an SDR and a Phase Sensitive Device (PSD). The phase noise suppression is achieved 
by applying the filtered signal from the output of the FD to a Voltage Controlled Phase shifter (VCP) in the 
loop oscillator. The FD and VCP represent the sensor and actuator of the frequency control system 
respectively 


Characterising the performance of the FD in terms of effective noise temperature allows the limit imposed 
on the oscillator phase noise by the finite noise temperature of the FD to be expressed as: 



k B T FD i 1 + P ) 4 1 + 
Pine 4p 2 { 




( 1 ) 


where P inc is the power of microwave signal incident on the SDR, k B is the Boltzman constant, 4/0.5 * s 
the SDR loaded half bandwidth, (3 is the SDR equivalent coupling coefficient and t FD is the FD effective 
noise temperature. 

For a conventional FD: 

Tfd = t 0 + Tpsd, ( 2 ) 

where T a is an ambient temperature and T p$ D is the PSD effective noise temperature. The latter is a 
function of offset frequency F and power reflected from the SDR P re f- For the conventional PSD 

operating in X-band the T p^o is of the order 10 5 K at F = 1 kHz and P re j ~ 0.1 mW. 

Introducing a microwave amplifier with gain G AM p » 1 and low effective noise temperature into the FD 
allows the T FD to be effectively reduced from the level determined by the PSD noise (2) to much lower 
lim it 


t fd = t o + Tamp + t psd/ g amp aT o + t amp » ( 3 ) 

which is imposed by the Nyquist noise in the transmission lines and the effective noise temperature of the 
microwave amplifier. A minimal effective noise temperature of order Tfd ~ 360 K has been measured 
for an advanced FD incorporating the low-noise microwave amplifier operating in the small signal regime. 
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Figure 12. Comparison of phase noise spectral density of various oscillators 


The phase noise of the UWA room temperature and liquid nitrogen oscillators are shown in Figure 12 in 
comparison with other state of the art oscillators. At low offset frequencies the UWA oscillator based on a 
room temperature SDR supersedes even cryogenic oscillators developed by Westinghouse and HP 
Laboratories. 


Within the bandwidth of the high gain frequency control system (from 10 Hz to 20 kHz ) the Single Side 
Band (SSB) phase noise of the UWA oscillator varies as 


L° 9 sc (F ) « -60 - 30 log 10 (F), dBc / Hz 


( 4 ) 


This corresponds to L°^ c y kHzj ~ -150dBc/Hz which is 50 dB better than a free running oscillator and 

represents at least 25 dB improvement in the performance of modem noncryogenic oscillators. This is 
also the first time when an oscillator's phase noise has been reduced below the level of its amplitude noise. 


Assuming that oscillator phase noise is primarily limited by the FD finite noise temperature, phase noise as 
low as S c ( p C (lkHz) — 165dBc / Hz can be expected in future room temperature oscillators operating at 

high power: P inc = 500 mW . 


Advanced Microwave Noise Measurement System 

Accurate measurements of amplitude and phase fluctuations in passive microwave components have 
important implications for understanding the nature of the noise phenomena in these devices. Currently, 
even the best available cross-correlation noise measurement systems, developed at NIST, are not capable 
of measuring the extremely low level of noise exhibited by such devices as ferrite isolators (circulators), 
low noise voltage controlled phase shifters, attenuators etc [27,28]. Expanding on previous ideas of ultra- 
sensitive noise measurements [29,30], we have developed a new type of noise measurement system with a 
thermal noise limited sensitivity which is capable of measuring both phase and amplitude fluctuations with 
equal accuracy. 
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Figure 13. Simplified diagram of advanced noise measurement system 


The advanced noise measurement system (NMS) is shown in Figure 13. It is similar to a conventional 
phase bridge which allows conversion of phase fluctuations in some arbitrary Device Under Test (DUT) 
into voltage noise. The distinctive feature of the NMS is an advanced phase detector (APD). The high 
sensitivity of the APD detector is provided by a microwave signal processing system which includes a 
low-noise amplifier operating in a small signal regime. 
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The phase noise floor of the advanced NMS due to the finite noise temperature of the APD detector is 
given by 



Ike^To + T amp {F, P am p | 

P inc L DUT 


( 5 ) 


where k B is a Boltzman constant, P inc is a power incident on the DUT, L DUT is an insertion loss in the 
DUT, T a is an ambient temperature and T amp is an effective noise temperature of the microwave 
amplifier. The latter is a function of the offset frequency F and a power at the amplifier input P amp . 



Figure 14. Phase noise floors of various measurement systems 


The Single Side Band (SSB) phase noise floor of the advanced NMS, measured with input power of order 
20 dBm is shown in Figure 14 in comparison with the noise floors of the standard and cross-correlation 

NMS. 


The SSB phase noise floor of the advanced NMS is white at offset frequencies F above 1 kHz and equal 
to -193 dBc/Hz. At offset frequencies below 1 kHz the SSB phase noise floor follows a flicker law, 
reaching -173 dB/Hz at 10 Hz offset. The phase noise floor of the NMS can be further improved by 
increasing its input power or cooling the whole apparatus. 
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The advanced NMS is capable of measuring the noise in the quietest microwave components in real ti m e. 
It has allowed the first experimental observations of the intrinsic phase fluctuations in the microwave 
isolators [20,21]. For instance, a phase noise of -186 dBc/Hz at 1 kHz offset has been measured for 

standard microwave isolators operating at room temperature. These results have important implications for 
the design of the next generation of radars and communication systems. By using these results we have 
already confirmed that the phase fluctuations in isolators and circulators can limit the performance of ultra- 
low phase noise oscillators at low offset frequencies (below 300 Hz) [20,21] . 


The advanced NMS can also be used for amplitude noise measurements with sensitivity approaching the 
thermal noise limit [20]. This is because the APD detector is relatively immune to the pump oscillator 
amplitude fluctuations and enables amplitude noise measurements at a level which is much less than that of 
the pump oscillator. 


The extremely low effective noise temperature of the APD detector allows significant improvements in the 
performance of many existing microwave signal processing circuits and systems. The APD detector is 
also ideally suitable for sensing and reducing the flicker noise in amplifiers. Using the APD detector the 
amplifier phase noise could be reduced to the level of the APD detector intrinsic noise which is of order 

-190 dB/Hz at 1 kHz offset. 


Conclusions and future work 

The techniques described in Part 1 and Part 2 can be combined. We have shown that a Q-factor of 10 8 may 
be achieved in a temperature compensated resonator at 50K A turning point in the frequency-temperature 
curve, combined with a tighter locking arrangement based on the ITW technique can allow an Allan 

deviation ~10' 15 t' 1/2 if the resonator temperature is controlled to lOOpK. We intend to develop such a clock 

for use in space applications. It would be compact and would avoid the need for cryogenics by being 
radiatively cooled. It could also be used with closed cycle refrigeration or pumped nitrogen as a local 
oscillator for atomic standards. 

In this paper we have demonstrated that a power, phase, AM and temperature stabilized loop oscillator 
based on a cryogenic sapphire resonator with resonator loaded Qs of 1 x 10^ can achieve an Allan standard 
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deviation of about 2.5 x 10 " 15 ^-1/2 f rom o.3 to 30 s, limited by the measurement system and servo 

system noise floors, At about 50 s the Allan deviation reaches a minimum of 8 x 1 O' 1 6. This represents 
frequency stabilization to better than 1 ppm of the resonator bandwidth. However experimental results 
indicate that the Allen deviation is independent of the resonator Q-factor implying that the stability is not set 
by line splitting resolution but by perturbations to the resonator frequency. Up to 100 seconds the 

stability degrades as approximately 1 to 2 x lO'l^x 1/2^ which is consistent with the earlier 

measurement of 4 x 10' 15 for one oscillator against a H-maser. This medium term drift appears to be 
associated with mechanical instability of the resonator. Provided this problem can be solved there is 
scope, using high modulation index phase modulators, for achieving an Allan deviation of few 

times 10'16 1 ' 1/2 in the near future. 

We have also shown that sapphire resonators can be used to achieve ultralow phase noise, especially in 
conjunction with new phase detection techniques. Oscillator phase noise as low as -165dBc/Hz has been 
observed at 1kHz offset frequency. Phase noise contributions from passive components have also been 
measured down to almost -190dBc/Hz. 
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ABSTRACT 

We present features for an ultra-stable sapphire cryogenic oscillator which has 
been designed to support the Cassini Ka-band Radio Science experiment. The 
design of this standard is new in several respects. It is cooled by a commercial 
cryocooler instead of liquid cryogens to increase operating time, and it uses a 
technology to adjust the temperature turn-over point to extend the upper 
operating temperature limit and to enable construction of multiple units with 
uniform operating characteristics. Objectives are 3xl0' 15 stability for measuring 
times 1 second < x < 100 seconds, phase noise of -85 dBc/Hz from offset 
frequencies of 1 Hz to 1000 Hz at 10GHz carrier frequency, and a one year 
continuous operating period. 

BACKGROUND: 

Cryogenic oscillators make possible the highest stability available today for short measuring times 
(x < 100 seconds) [1,2,3], However, they have so far proven impractical in applications outside 
the research environment due to their limited operating periods. Interruption of normal operation 
is typically required while a cryogen is replaced, the system then returning to nominal operation as 
temperatures settle down to a stable operating condition. It is ironic that these standards, while 
optimized for ultra-high stability at short operating times, must operate for periods of a year or 
more without interruption to be considered for many applications. This is due to the fact that 
frequencies generated are typically used for several purposes — e.g. radio science on one hand and 
scheduling on another. Cryogenic standards also represent the best promise for improved L.O. 
performance as required by the new generation of passive atomic standards, and continuous 
operation is extremely desirable in such an application. 

While both superconducting and sapphire resonators can provide the very high microwave quality 
factors (Q's) required for ultra-stable operation, whispering-gallery sapphire resonators allow 
somewhat relaxed cryogenic requirements — showing Q’s of 1CT at temperatures as high as 10K. 
However, the high Q makes possible high stability only if the frequency of resonator itself is 
stable, and for most cases this is prevented by frequency variation caused by temperature 
fluctuations. Compensation of the temperature-induced variation has been accomplished in 
sapphire resonators by paramagnetic spin[l,2] and mechanical[3] tuning effects. Such a 
technology can significantly relax temperature regulation requirements. For example, 

compensation cancels the first order temperature dependence of 3xlO" 10 /K at 10K, leaving a 
quadratic coefficient of 3.3x1 0* 9 /(K 2 ). Thus, for a stability of 3xlO' 15 , temperature regulation 


This work described in this paper was carried out at the Jet Propulsion Laboratory, California Institute of 
Technology, under a contract with the National Aeronautics and Space Administration. 
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must be 10 pX for uncompensated sapphire compared to lmK for a compensated one. 
OSCILLATOR DESIGN: 

Use of a cryocooler limits the achievable resonator temperatures to approximately 10K. Even 
though ultimate temperatures for cryocoolers are somewhat below this value, several 
considerations additionally limit the available cooling capability. These include thermal 
impedances associated with the vibration isolation system, thermal regulation stages which are 
required to eliminate cyclic and random temperature variations, and reduction in cryocooler 
performance over its operating life. 

Four major aspects of the design of this compensated sapphire oscillator (CSO) include: 

* A sapphire resonator compensated for operation at a temperature of approximately 10 
Kelvin. At most temperatures from IK to 15K, sapphire’s thermal variation of frequency is 
partially compensated by incidental paramagnetic impurities in high-quality sapphire resonator 
material. This effect is strongly frequency dependent for the Cr impurities typically found, due 
to the 1 1 .44 GHz zero field splitting of Cr in sapphire or ruby. Recently available sapphire 
resonator material without Cr but containing Mo and Ti paramagnetic impurities shows 
excellent Q values and no observable frequency dependence to the compensation effect at X- 
band frequencies due to zero field splittings that are 10 or more times higher[2]. We hope to 
combine these mechanisms to better control the turn-over temperature and enable the 
construction of multiple units with similar characteristics at a common operating temperature. 
The issues involved in spatially disparate compensation mechanisms were successfully dealt 
with in our previously reported 77K CSO[3], 

® A 2-stage commercial closed-cycle refrigerator with base temperature of 5.5 Kelvin or 
below. A new cooler from Leybold/Balzers allows temperatures as low as 4.2K to be 
achieved for the first time without using a Joule-Thompson (J/T) expansion valve[4]. The 
small orifice associated with this valve can clog due to impurity condensation, and elimination 
of the J/T valve is expected to improve long term reliability. The new cooler, for example, 
can maintain 6 Kelvin at the second stage with a heat load of 1.2 watts, with 15 watts 
simultaneously input to the higher temperature stage. 

® A vibration isolation design sufficient to effectively eliminate cryocooler vibration. The 
inherent strain sensitivity of electromagnetic resonators gives rise to an acceleration sensitivity 
of frequency that is typically 10' 9 /g or more. Any mechanical isolation system must involve 
low mechanical impedances to a stable platform combined with a high mechanical impedance 
between the cryocooler system and the resonator system. Such a system will also have a 
significant thermal impedance[5], 

» A modified Pound frequency lock circuit will be used to generate the stable output frequency. 
Splitting of the high-Q line by a factor of 6xl0 6 was demonstrated by such a frequency-lock 
system in the 77K CSO[3], Applied here, this could make possible a stability of lxlO' 15 with 
a Q of only 1.7xl0 8 . 

CONCLUSIONS. 

The first unit is currently under construction with more units scheduled to be installed in three 
Deep Space Network stations for the Cassini Ka-band experiment starting in the year 2000. 
Thermal and vibration tests of cryocooler and cryostat are presently under way. Resonator 
optimization and test, and first frequency stability measurements are projected by June 1997. 
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We discuss time and frequency standards based on laser-cooled 199 Hg + ions confined in a 
cryogenic linear rf trap. In one experiment, a 40.5 GHz source, referenced to a hydrogen maser, is 
servoed to the ions’ ground state hyperfine transition. The stability of this clock is better than 
10 14 using 100 s Ramsey periods, and its measured accuracy is around 10' 13 . In a second 
experiment under development, a strong-binding cryogenic trap will confine a single ion used for 
an optical frequency standard based on the narrow S — > D quadrupole transition at 282 nm. The 
cooling laser at 194 nm and the probe laser at 282 nm are being converted to compact, efficient, 
solid-state systems. 


Introduction 

At this workshop, groups at JPL and CSIRO describe highly stable clocks that use linear rf 
(Paul) traps to store buffer-gas-cooled ions [1,2]. In these traps, most of the ions lie away from 
the nodal line of the trap’s rf electric field. For these ions, the atomic motion driven by the 
oscillating trap field (“micromotion”) induces significant second-order Doppler (time-dilation) 
shifts of the average atomic transition frequency. At NIST, our goal is to develop time and 
frequency standards that achieve high accuracy in addition to high stability. We confine strings of 
laser-cooled 199 Hg + ions in a linear rf trap such as that depicted in Fig. 1 [3, 4]. A linear trap can 
confine many laser-cooled ions along the rf nodal line, where Doppler shifts and AC Stark shifts 
are minimum [5, 6]. Furthermore, if all the ions crystallize along the rf nodal line, there is 
minimal heating from the trapping fields. Thus, (perturbative) cooling laser radiation can be 
removed during the long probe periods of the clock transition. We use 199 Hg + , which offers a 

microwave clock transition at 40.5 GHz and an optical clock transition at 1.06 x 10 15 Hz (see 


Fig. 2). To first-order, both transitions are insensitive to magnetic and electric fields at zero 
fields. Using linear crystals of 199 Hg + ions, we expect to reduce all systematic shifts to less than a 
part in 10 16 . If the fluctuations of the atomic signal are due only to quantum statistics, then the 
stability of a frequency source servoed to the atomic transition is given by [7, 8] 




to, 


#7T 


.- 1/2 


( 1 ) 


where Q) 0 is the frequency of the atomic transition, N is the number of ions, T R is the Ramsey 


interrogation time, and Tis the averaging time of the measurement. For the ground state hyperfine 
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transition, coJ2k = 40.5 GHz. It appears feasible to use N = 100 ions and T R = 100 s, which 
gives a y {x) ~4x 10 14 f m . For the 282 nm 5d 10 6s 2 S I/2 — » 5d 9 6s 2 2 D 5/2 electric quadrupole 

transition, co 0 /2k = 10 15 Hz, so that using N - 1 and T R = 25 ms gives O y {f) ~ 10' 15 t 112 . 

We report a preliminary evaluation of a clock based on the 40.5 GHz ground state 
hyperfine transition in 199 Hg + . We also discuss the development of a frequency standard based on 
the 282 nm electric quadrupole transition. We describe the laser systems for these experiments, 
and the progress towards more compact solid-state systems. 

Cryogenic Linear rf Trap 

Figure 1 shows the linear rf trap used in the 40.5 GHz microwave clock. Two diagonally 
opposite rods are held at static and rf potential ground. The potential of the other two rods is 

V 0 cos(D. t), where V 0 ~ 150 V and Ql 2k = 8.6 MHz. The resulting pseudopotential confines 

the ions radially in a well with a secular frequency cdJ2k ~ 230 kHz. To confine the ions axially, 
two cylindrical sections at either end of the trap are held at a potential of approximately +10 V. 

The resulting axial potential well has a secular frequency of (»J2k~ 15 kHz. The ions are laser- 

cooled using the 194 nm, 5d 10 6s 2 S 1/2 — > 5d I0 6p 2 P 1/2 electric dipole transition shown in Fig. 2. 

Typically, a string of approximately ten ions is confined along the axis. By minimizing the ion 
micromotion in all three dimensions, we assure that the laser-cooled ions lie along the rf nodal line 
[9]. 

We place the trap in a cryogenic environment to reduce problems associated with 
background gas. Previously, we used a linear rf trap at room-temperature with a background 
pressure of approximately 10' 8 Pa [10]. At this pressure, background neutral Hg atoms cause Hg + 
loss, presumably by forming dimers with ions excited by the cooling laser. The resulting lifetime 
of ions in the trap was about ten minutes. At liquid helium temperatures, however, Hg and most 
other background gases are cryopumped onto the walls of the chamber. In this low-pressure 
environment, we have trapped Hg + ions in the presence of laser radiation without loss for periods 
of over ten hours. Without laser excitation, we have confined strings of approximately ten ions for 
several days. With this low background pressure, most pressure shifts should be negligible, 
although since helium is not efficiently cryopumped it may cause a pressure shift. Finally, 
operation at 4 K also reduces the shifts due to blackbody radiation. For the ground state hyperfine 

transition, at T = 4 K, the fractional blackbody Zeeman shift is -2 x 10‘ 21 , and the fractional 
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blackbody Stark shift is -3 x 10' 24 [1 1]. This is significantly smaller than the fractional blackbody 

Stark shift for neutral cesium (1.69(4) x 10' 14 at T = 300 K [1 1]). 

Laser-atom Interactions 

Laser beams at 194 nm are used for both cooling and state detection. For cooling, the 
2 S, /2 , F - 1 to 2 P 1/2 , F = 0 transition is used because it is the closest to a cycling transition (see 
Fig. 2). The frequency of a primary laser is resonant with this transition, but can off-resonantly 
excite the ion into the 2 P 1/2 , F= 1 level, from which the ion can decay into the 2 S 1/2 , F = 0 level. 
To maintain fluorescence, a repumping laser beam, resonant with the F = 0 to F = 1 transition, 
is overlapped collinearly with the primary laser beam. 

To determine the atomic state, the primary beam is pulsed on for a time comparable to the 
time necessary to pump the ions from the 2 S m , F - 1 to the 2 S 1/2 , F = 0 level (typically 10 ms). 
If the ion is found in the 2 S 1/2 , F = 1 level, it will scatter about 10 4 photons before it optically 
pumps into the 2 S 1/2 , F = 0 level. We detect and count approximately 1% of these photons. If the 
transition is not saturated, the number of photons scattered before the ion is optically pumped can 
be made nearly insensitive to laser power. Thus the signal-to-noise ratio of the state detection 
signal can be limited only by “quantum projection noise” [8] if the ions are monitored individually. 
Currently, however, the state-detection signal is simply the combined fluorescence from all the 
ions. As a result, we think that fluctuations in the frequency and intensity of the 194 nm radiation, 
and its overlap with the ions, limit our typical stability to about twice that of Eq. (1). 

The I99 Hg + ground state Zeeman structure complicates laser cooling and state detection. 

For any constant laser polarization and zero magnetic field, two superpositions of the 2 S 1/2 , F= 1, 
m F = 0, ±1 levels are dark states. After the ion optically pumps into these states, the fluorescence 
vanishes. To constantly pump the ions out of the dark states, the laser field must couple each 2 S I/2 , 
F = 1, m F ■= 0, ±1 level to the 2 P 1/2 , F = 0 level. Also, each of these three couplings must have 
a different time dependence. We satisfy these conditions with two non-collinear laser beams. One 

beam passes through a photo elastic modulator whose calcite crystal axes are tilted ±45° relative to 

the beam polarization. The mechanical compression along one of the crystal axes is 90° out of 
phase with that of the other. The resulting changes in the crystal birefringence continuously cycle 
the laser beam’s polarization state between orthogonal circular and linear polarizations. The linear 
polarization of the second beam remains fixed in the plane formed by the two beams, which 

overlap with the ions at a 40° angle to each other. 

The 40.5 GHz Microwave Clock 

The measurement cycle for generating the error signal to steer the microwave frequency is 
as follows. First, to cool the ions, both the primary and repumping 194 nm laser beams are 
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pulsed on for 300 ms. Next, the repumping beam is turned off for about 90 ms, so that most of 
the ions are optically pumped into the 2 S 1/2 , F = 0 level. Both beams are then blocked during the 
Ramsey microwave interrogation period, which consists of two 250 ms microwave pulses 
separated by the free precession period T R . Finally, the primary beam is turned on for about 
10 ms while we count the number of scattered photons. This determines the ensemble average of 
the atomic state population. The microwave frequency is alternately stepped to either side of the 
central Ramsey fringe at the beginning of each measurement cycle. A digital servo using a second 
difference algorithm [12, 13] adjusts the average frequency to maintain a constant number of 
fluorescence photons during each state detection step. In this way, the microwave frequency is 
steered to resonance with the F = 0 to F = 1, m F = 0 ground state hyperfine transition (a 1- 

5 x 10' 7 T magnetic field breaks the degeneracy of the F = 1 states). We synthesize the 

microwave frequency from a low-noise crystal quartz oscillator locked to an active hydrogen maser 
[14]. 

Figure 3 shows the two-sample Allan variance <j y ( t) of the average microwave frequency 
when it is locked to the ion resonance. For averaging times r comparable to T R , the calculated 
value of a y (r) is erroneously small, because the digital integrator has little gain at these times. As r 
increases, the integral gain grows until fluctuations in the detected ion signal dominate <7 v (t). Here, 
cr y (f) decreases as f m as expected. For T R = 100 s, the stability approaches the expected value 
of <7 V ( t) s 1.1 x 10 13 r U2 for t » T r . 

For each mn in which the microwave frequency is continuously servoed to the atomic 
transition, we average the recorded frequency. Figure 4 is a summary of the fractional deviation of 
the average frequencies for several runs made over nine days. The error bars are not uniform 

because during this time, N, T R , the total run time T, and other parameters were deliberately varied. 

The normalized value of chi-squared for this data set is 2.5, which we do not yet understand. 
Although the evaluation is not yet complete, the scatter in these data indicates that our fractional 
accuracy is probably better than 10' 13 . 

We have begun to search for systematic effects that could shift the frequency of the 
microwave transition. Table 1 summarizes the present status of our measurements. We measure 
the average ion temperature by monitoring the width of the 282 nm transition after the cooling 
beams have been blocked for time T R . This determines the second-order Doppler shift and the AC 
Stark shift due to the trap’s rf electric fields. The width also gives an upper bound on the heating 
rate of the ion due to background gas (presumably helium) collisions, which is approximately 
proportional to the helium density n He . The measured shift from helium at pressure PfJe at room 
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temperature is 4x10 ■" Pm (where P He is in Pa) [15], or 1.6 x 10' 31 n He (where n He is in m' 3 ). 
Assuming that this shift has the same dependence on density at 4 K, the upper bound on density 
n H* ~ 1-6 x 10 12 m' 3 implies an upper bound on the fractional frequency shift of approximately 

3 x 10 19 . We do not measure the temperature after each run in the present experiments. The 

uncertainty in the quadratic Zeeman shift is due to fluctuations and inhomogeneities in the magnetic 
field. We determine the average magnetic field at the site of the ions from the frequencies of the 
Zeeman components of the hyperfine transition. The width of these components gives an upper 
bound on the field inhomogeneity since the ion positions are fixed. Currents flowing in the trap 
electrodes may cause an rf Zeeman shift; we have searched for this shift by varying the rf power 
delivered to the trap. Microwave chirp may occur as the 40.5 GHz radiation is switched on and 
off, and is measured by varying the Ramsey precession time. Finally, we calculate shifts due to 
blackbody radiation [1 1] for ions in a 10 K environment. (We think that the background 
temperature is greater than 4 K due to the quartz windows in the system and power delivered to 
the trap.) 

Optical Frequency Standard 

A frequency standard with high stability can be based on the 199 Hg + 282 nm electric 
quadrupole transition, which has a natural linewidth of 1.7 Hz [16]. A laser stabilized to less than 
20 Hz over one minute has been locked to this transition in a single ion confined in a room- 
temperature rf trap [17]. With improvements to the high-finesse cavities to which the laser is 
locked, we expect to reduce the laser linewidth to about 1 Hz over one minute. We are developing 
a second cryogenic system that will house a trap for this experiment. 

AH Solid-state Laser Systems 

To make the 194 nm and 282 nm radiation sources more compact and reliable, we are 
converting them to an all-solid-state design. The system we currently use to generate 194 nm light 
starts with radiation from a single-frequency argon-ion (Ar + ) laser at 515 nm. About 500 mW is 
frequency-doubled in a cavity containing a BBO crystal to produce 257 nm radiation. About 
5.5 W pumps a Ti:sapphire laser to make 500 mW of 792 nm radiation. The 792 nm and 
257 nm beams are each enhanced in separate optical cavities, whose foci overlap in a second BBO 

crystal. This creates about 100 |iW of 194 nm radiation through sum-frequency mixing. The 

Ti:sapphire laser can be replaced by an injection-locked diode laser that produces over 500 mW of 
792 nm radiation [18, 19]. The Ar + laser will be replaced by a 1 W single-frequency, diode- 

pumped, frequency-doubled Yb:YAG laser at 1.029 pm [20]. Since the doubling efficiency in 

KNb0 3 can be 50% [21], we expect to generate about 500 mW of 515 nm radiation. 

The present system for generating 282 nm radiation consists of an Ar + laser pumping a dye 
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laser that produces 500 mW of 563 nm radiation. The 563 nm light is frequency-doubled by 
single-passing it through a 90° phase-matched AD*P crystal to give up to 100 jiW of 282 nm 
radiation. To convert this to a solid-state system, the dye laser and pump laser will be replaced by 
a diode-pumped Nd:FAP laser at 1.126 Jim. Approximately 100 mW of single-frequency 

radiation from the NdtFAP laser has been frequency-doubled in KNb0 3 to produce 7 mW of 
563 nm radiation. The light at 563 nm can be frequency-doubled as before to generate about 

2 |iW of 282 nm radiation. When the light is focused to about 25 Jim and there is no 

broadening, less than 1 pW of 282 nm light will saturate the quadrupole transition. 

Summary 

We have locked a synthesizer to the 40.5 GHz transition in laser-cooled strings of 199 Hg + 
ions in a linear cryogenic rf trap. With Ramsey periods of up to 100 s, this clock has 
demonstrated stabilities of better than 10' 14 . Preliminary investigations of systematic frequency 
shifts indicate an accuracy of better than 10" 13 . In the future, we plan to use Ramsey times of 
100 s and a smaller, more tightly confining trap that stores up to 100 ions. We will soon resume 
work on a cryogenic 282 nm optical frequency standard, whose potential stability is 

a y {t) ~ 10 15 t m . Finally, we are converting our laser systems to an all-solid-state design, which 
should allow longer continuous running times. 
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Figure 1 : Linear rf trap, and an image of a string of twelve ions. The ions are spaced 

approximately 10 |im apart. The spatial extent of the ions is exaggerated for clarity; in reality the 
laser beams overlap all of the ions. 



Figure 2: Partial energy diagram of 199 Hg + . The 70 MHz wide 194 nm transition is used for laser 
cooling and detection. The 40.5 GHz and 282 nm transitions are the clock transitions. 
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Figure 3: Stability plots for the 40.5 GHz microwave clock, using N = 13 ions, and both 
T r = 10 s and T R = 100 s. Also shown are the theoretically expected stabilities from Eq. (1), 
and the stability of the hydrogen maser reference clock. 



Figure 4: Summary of average frequencies over a nine-day period. The frequencies are plotted in 
the order in which they were measured, but the spacing of the data points does not otherwise 
correspond to the time in which the data were taken. 
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Shift 

Scaling 

Uncertainty 

Second-order Doppler 

-<V 2 /c 2 > 

1.6 x 10' 17 

Quadratic Zeeman (static) 

+<Bb> 

3 x 10 15 

Quadratic Zeeman (rf) 

+ <B 2 > 

3 x 10 14 

AC Stark (rf) 

-<EJ> 

3 x 10 - 18 

Microwave chirp 

i it r 

3 x 10 15 

He pressure shift 

n H' 

3 x 10' 19 

Blackbody AC Zeeman (T = 10 K) 

- T 2 

1.4 x 10 20 

Blackbody AC Stark (T= 10 K) 

-T* 

1.2 x 10 22 


Table 1: Measured uncertainties in the microwave clock. Effects below the dashed line are 
expected to be negligible compared to those above the dashed line. 
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1 Introduction 

We have previously reported [1,2] some aspects of the performance of a prototype frequency 
standard (IT-1) based on the 12.6 GHz ground state hyperfine 'clock' transition in 171 yb+ ions 
(fig. 1) confined in a linear Paul trap. 

More recently, we have constructed a second prototype standard (IT-2), similar to IT-1 but with 
significant improvements in magnetic shielding and optical detection efficiency. A comparison [3] 
of the measured clock transition frequencies of the two traps under conditions where they contain 
different numbers of ions, and consequently ion clouds of different sizes, provided an early test of 
a model which gives values for the differing second-order Doppler shifts in the two traps. In this 
paper we summarise some further results [4] of comparisons between the two trapped ion 
frequency standards. 

2 Experimental 

The trapped ion frequency standards discussed in this paper operate by locking [1,2] a local 
oscillator microwave signal generated from a sapphire-loaded superconducting dielectric resonator 
oscillator (DRO) [5] to the 12.6 GHz ground state hyperfine transition in 171 Yb + ions (fig. 1) 
confined in a linear Paul trap. The electrode structure of the ion trap systems IT-1 and IT-2 has 
been described previously [1,2,3], and is shown in figure 2. 
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Helium at a pressure of approximately 10' 4 Pa was introduced into both ion trap vacuum systems 
through heated quartz membranes to dissipate the energy absorbed by the ion clouds from the 
trapping RF fields, which would otherwise result in the ions ‘boiling’ out of the trap. The resulting 
temperature of the ion clouds in both systems was approximately 380 K. 

A frequency-doubled titanium-sapphire laser generating 369.4 nm radiation was used to probe the 
populations of the 171yb+ ground state hyperfine levels following the microwave interrogation 
pulse sequence. The laser system was common to both ion trap systems, and the microwave 
signals fed to each ion trap system were independently tuneable, but generated from a common 
DRO [4]. 

The microwave interrogation sequence consisted of a pair of tc/2 pulses of 400 ms duration, with 
pulse centres separated by 25 s, yielding Ramsey fringes with a period of 40 mHz. The cycle time 
of the systems was such that one comparison between the local oscillator frequency and the 
frequency of the central Ramsey fringe was made on both ion traps every 72 s. During each 
measurement cycle the Larmor frequency in each trap was obtained by measuring the frequency 

separation of the Mf= 0— >0 and Mf= 0— »-l Zeeman components of the 12.6 GHz hyperfine 

transition [1,2]. 

3. Stability performance 

Typical operating parameters for the two ion traps are shown in table 1. 

The frequency stability of the ion trap systems, characterised by the Allan deviation c?y(x), is 
shown in fig. 3. 

For integrating times between 72 s and approximately 10 4 s the more recently constructed ion trap 
system IT-2 exhibits a white noise-limited performance Gy(t) = 5 x 10 14 % m . Beyond 10 4 s the 

stability performance is probably limited by instability of the He buffer gas pressure, which was 
not actively controlled. 
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The stability performance of IT- 1 is, as expected, poorer than that of IT-2, mainly as a result of 
less effective magnetic shielding and larger residual magnetic inhomogeneity in the region of the 
ion cloud. 


The expected performance of the trapped ion standards system is given by [7] 


, , Sf ( N\ \T 


(i) 


where §f is the width of the central Ramsey fringe, f is the frequency of the clock transition, N/S 
is the single-measurement cycle noise-to-signal ratio and T c is the measurement cycle time. If we 
assume that the noise in the signal arises solely from the shot noise associated with the process of 
measuring the probability of individual ions absorbing a microwave photon, equation 1 yields the 
performance limit of the frequency standard. For the conditions under which the data shown in 

fig. 3 was obtained, we calculate a performance limit a y (x) = 1.8 x 10' 14 t 1/2 


For T=100 s, the in-quadrature combination of the shot noise contribution to the Allan deviation 
(calculated using equation 1) and the measured LO performance, a y (100 s) = 2.5 x 10 15 , predicts 
a limiting Allan deviation G y (100 s) = 3.3 x 10' 15 for IT-2 with respect to the LO. This is in 

reasonable agreement with the observed performance of IT-2, G y (100 s) = 5 x 10~ 15 . It is possible 

that additional frequency instability is being introduced by short-term jitter in the frequency of the 
369.5 nm laser, or frequency down-conversion of phase noise in the 12.6 GHz signal occurring 
over the time scales of the interrogating te/2 pulses. 

4. Accuracy 

The measurement and calculation of the frequency offsets affecting the trapped 171 Yb + ion 
frequency standards have been discussed in detail elsewhere [3,4], and are summarised in fig. 4. 

We have made a number of measurements of the 171 Yb + clock frequency over a period of more 
than 12 months. The results, after correction for the offsets listed in fig. 4, are shown in fig. 5. Up 

to the date MJD 50139, the 171 Yb + clock frequencies are corrected for the variation (averaged over 
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60 days), with respect to the SI second, of the frequency of the hydrogen maser used as the local 
reference. 

On three occasions the 171 Yb + clock frequency was. measured on IT-1 and IT-2 either 
simultaneously, or on the same day. In each case, the agreement between the two frequencies is 

much better than 1 part in 10 13 . During the period over which the data shown in fig. 5 were 
obtained, both ion trap systems were dismantled and reassembled several times for various 
reasons, apparently without substantially affecting the corrected clock frequencies. 

Much of the variation in the corrected clock frequencies since MID 48950 can be explained by the 

day-to-day variation in the H maser frequency of a few parts in 10 14 , resulting from non-optimal 
auto-tuning of the masers NML-Maser 2 and NML-Maser 1. We cannot find evidence of a maser 
frequency variation of magnitude sufficient to explain the outlying data points obtained on MJD 
49826. The reason for these outlying points is not known, although the two trap systems were still 
in good agreement on that date. 

The uncertainties in the individual clock frequency determinations represented by the error bars on 
fig. 5 are largely statistical. The principal systematic errors in the clock frequency determinations 
will result from any inaccuracies in the model of the ion cloud used to calculate the magnitude of 
the second-order Doppler shift. 

It is evident that despite the significantly different corrections for the second order Doppler shift 
applied to the raw frequency from each ion trap, the two final frequency values agree to within 4 

14 

parts in 10 , although the uncertainties in the two values are somewhat larger. 

Discarding the MJD 49826 data, the mean of the 171 Yb + clock frequency measurements shown in 
fig. 5 is 12 642 812 1 18.4664 Hz , with a standard deviation of 0.00055 Hz, and a calculated 
statistical uncertainty of ± 1.4 mHz in each determination. Consequently, we estimate our total 

uncertainty in Hz as ((0.0014 (stat)) 2 + (0.0015 (syst)) 2 ) 1/2 = + 0.002 Hz , yielding our best 
estimate for the 171 Yb + clock frequency 12 642 812 1 18.4660 ± 0.002 Hz. 
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6. Conclusion 

We have measured the frequency of the 171 Yb + 12.6 GHz Mf= 0— >0 ground state hyperfine 

'clock' transition in buffer gas-cooled ion clouds confined in two similar, but not identical, linear 
Paul traps. After correction for the known differences between the two ion traps, including 
significantly different second-order Doppler shifts, the frequencies have agreed on each occasion 

on which they were measured within ±3 parts in 10^ . 


Measurements taken over a period of more than 12 months yield a value for the frequency of the 
12.6 GHz Mf= 0— >0 clock transition in an isolated 171yb + ion at zero temperature, velocity, 
electric field and magnetic field, of 12 642 812 1 18.4660 ± 0.002 Hz. 
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4fl4 6s 2 Si/2 

Figure 1: Partial energy level diagram for 171 Yb + . 
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RF electrodes (x 4) 



Figure 2: Electrode structure of the linear ion traps IT-1 and IT-2. The diameter of the RF 
electrodes is 2.3 mm. 



Figure 3: Frequency stability, as characterised by the fractional Allan deviation, of the trapped 
ion frequency standards IT-1, IT-2 and a hydrogen maser (NML-Maser 2). The result shown 
represents a 29 hour intercomparison between the two ion trap systems IT-1 and IT-2, and a 
hydrogen maser NML-M2. The performances of the individual standards were separated using 
a ‘three-cornered hat’ algorithm [6]. Longer term operation of the trapped ion standards is 
presently difficult due to power drift and instability in the titanium-sapphire laser system. 
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Figure 4: Typical magnitudes and sources of frequency offsets affecting the trapped ion 
standards IT-1 and IT-2. 
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Figure 5: Corrected 171 Yb + clock frequencies measured over a period of approximately 14 
months. MJD = Modified Julian Day. On the three occasions (MJD 49826, 50239 and 50253) 
where determinations of the clock frequency were made using IT-1, the corresponding 
measurements on IT-2 were made simultaneously (on the first 2 occasions) or on the same day 
(third occasion). The data points are displaced horizontally on the plot for clarity. All of the data 
shown here were obtained with 10 V applied to the end electrodes, with the exception of the 
MJD 49826 data, where 20 V was used. Other trap parameters, such as He pressure, RF 
voltage and trap contents varied significantly between determinations. 
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Tables 


RF electrode separation 
RF electrode diameter 
End electrode separation 
RF frequency 
RF amplitude 
End electrode voltage 
He pressure 


IT-1 
20 mm 
2.3 mm 
60 mm 
500 kHz 
287±3 Vp.p 

10.0 V (stability ±0.001 V) 
1 .2± 0.6 x IQ' 4 Pa 


rr-2 

20 mm 
2.3 mm 
60 mm 
510 kHz 
280+3 V p .p 

10.0 V (stability ±0.001 V) 
1.7 ± 0.6 x IQ' 4 Pa 


Table 1: Typical operational parameters applied to the ion traps for the measurements described 
in this paper. The uncertainty in the helium pressure is the variation observed between the 
readings of two independent gauge heads and gauge controllers connected to a single vacuum 
system. The value quoted is corrected for relative gauge sensitivity to He using the calibration 
factor given by the gauge manufacturer. 
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Introduction 

Collisions between ultracold neutral atoms have for some time been the subject of investigation, 
initially with hydrogen and more recently with laser cooled alkali atoms[l], Advances in laser 
cooling and trapping of neutral atoms in a magneto-optic trap (MOT) have made cold atoms 
available as the starting point for many laser cooled atomic physics investigations. The most 
spectacularly successful of these, the observation ofBose-Einstein condensation (BEC) in a dilute 
ultra-cold spin polarized atomic vapor[2], has accelerated the study of cold collisions. 
Experimental and theoretical studies of BEC and the long range interaction between cold alkali 
atoms is at the boundaiy of atomic and low temperature physics. Such studies have been difficult 
and would not have been possible without the development and advancement of laser cooling and 
trapping of neutral atoms. By contrast, ion-atom interactions at low temperature, also very 
difficult to study prior to modem day laser cooling, have remained largely unexplored. But now, 
many laboratories worldwide have almost routine access to cold neutral atoms. The combined 
technologies of ion trapping, together with laser cooling of neutrals has made these studies 
experimentally feasible and several very important, novel applications might come out of such 
investigations. 

This paper is an investigation of ion-atom interactions in the cold and ultra-cold temperature 
regime. Some of the collisional ion-atom interactions present at room temperature are very much 
reduced in the low temperature regime. Reaction rates for charge transfer between unlike atoms, 

A + B + => A + + B, are expected to fall rapidly with temperature, approximately as T 5/2 . Thus, cold 
mixtures of atoms and ions are expected to coexist for very long times, unlike room temperature 
mixtures of the same ion-atom combination. Thus, it seems feasible to cool ions via collisions with 
laser cooled atoms. 

Many of the conventional collisional interactions, exploited as a useful tool at room 
temperature and higher, are greatly enhanced at low energy. For example, collisional spin transfer 
from one species of polarized atoms to another has long been a useful method for polarizing a 
sample of atoms where no other means was available. Because optical pumping cannot be used to 
polarize the nuclear spin of 129 Xe or 3 He [3] (for use in iimr imaging of the lungs), the nuclear 
spins are polarized via collisions with an optically pumped Rb vapor in a cell containing both 
gases. In another case, a spin polarized thermal Cs beam was used [4] to polarize the hyperfme 
states of trapped 3 He + ions in order to measure their hyperfine clock transition frequency. The 
absence of an x-ray light source to optically pump the ground state of the 3 He + ion necessitated 
this alternative state preparation. Similarly, Cd + and Sr + ions were spin-oriented via collisions in a 
cell with optically pumped Rb vapor. Resonant RF spin changing transitions in the ground state of 
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the ions were detected by changes in the Rb resonance light absorption [5], 

Because cold collision spin exchange rates scale with temperature as T 1/2 this technique is 
expected to be a far more powerful tool than the room temperature counterpart. This factor of 
100 or more enhancement in spin exchange reaction rates at low temperatures is the basis for a 
novel trapped ion clock where laser cooled neutrals will cool, state select and monitor the ion 
clock transition. The advantage over conventional direct laser cooling of trapped ions is that the 
very expensive and cumbersome UV laser light sources, required to excite the ionic cooling 
transition, are effectively replaced by simple diode lasers. 

Review of Low Temperature Ion-Atom Collisions 

The following sections will summarize the expected low temperature reaction rates for various 
processes to be investigated in the proposed work. 

Long Range Ion-Atom Interactions 

The cold and ultra-cold collisions to be studied in this work have not been experimentally 
accessible until just recently following the proliferation of laser cooled neutral vapors. Cross- 
sections for collision processes between ions and atoms at these energies can be estimated both 
classically and quantum-mechanically. One such classical cross-section is the impact collision of 
an ion and atom drawn together by their polarization induced attraction, written V pol (r) = -ae 2 /2r 4 
where a is the electric polarizability of the neutral atom. The two body classical orbit problem is 
reduced to an equivalent problem of a single particle of reduced mass p (1/p = 1 /M ion + 1/M„eutrai) 
in the attractive ion-neutral interaction V pol (r) = -ae 2 /2r 4 = -C 4 /r 4 and the repulsive angular 
momentum barrier V efl (r) = L(L+l)h bar 2 /2prf where L is the angular momentum quantum number. 
An atom with sufficiently small impact parameter will be drawn to an ion and impact will occur. 
This sort of collision [6] occurs with 

cross-section O « TC ^ jC 4 /E(a.U .) where the kinetic energy of the particles, E, is 

in atomic units e 2 /ao = 27.2 eV and C 4 = C 4 '(e 2 /2a 0 )ao 4 . For IK ion-atom temperatures, impact 
cross-sections are ~10" 12 cm 2 and increasing as T' 1/2 as the collision temperatures diminish. 
However, the reaction rate, (ov), is independent of temperature for C 4 /r 4 ion-atom potentials. 
Though classical, this model shows that at low collision energies the angular momentum barrier is 
weak and particles at large impact parameters will fall together. 

Collisions! Cooling of Trapped Ions 

Collisional cooling between a laser cooled beam of atoms or cold atoms in a MOT should be 
straightforward. The energy loss per collision 5 E/E for ions of mass M initially at room 
temperature colliding with laser cooled neutrals of mass m is 6 E/E ~ m/M. The cross-section for 
ion-atom interactions at room temperature can be estimated from the impact model at about 
6xl0' 15 cm 2 . Assuming Li as the laser cooled gas of density 10 lo /cm 3 [7], a collision rate of nvo= 
60/sec yields an energy loss rate 1/EdE/dt = 2/sec. Thus, a few seconds after the hot ion enters 
the cold neutral vapor it will have cooled to the cold neutral temperature. 
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Collisional cooling between a cold atom and an ion has never been experimentally investigated. 
Ion-ion “sympathetic” cooling, where one species is laser cooled and the other is thermalized via 
collisional energy loss has been demonstrated^]. In this work both types of ion were confined to 
a Penning trap and only momentum transfer interactions can occur because the like charges repell 
and close approach is impossible. By contrast, ion-neutral interactions are long range attractive 
and close approach is likely so that spin exchange interactions can occur with high probability as 
we describe later. However, with close approach there is the question of charge transfer between 
the cold alkali atom and ion during momentum and spin transfer collisions. 

Charge Transfer in Cold Ion- Atom Collisions 

Unlike impact collisions whose reaction rate is constant with falling temperature, inelastic 
charge transfer rates where the neutral loses its valence electron to the ion, should be drastically 
reduced at low temperature. The possibility of collisionally cooling a collection of trapped ions 
with cold neutrals would be remote should the ion be neutralized by the atom during the multiple 
collisions required to reach thermal equilibrium. 

Charge transfer in ion-atom collisions[6] where the ion and atom are different atoms, eg., laser 
cooled Li atoms and trapped Hg + ions, is an inelastic collision. That is, a part of the translational 
kinetic energy of the colliding pair, AE, must be converted into internal energy in transferring the 
electron from an energy state in the Li atom to the nearest available energy state in the resulting 
neutral Hg atom. For Hg + colliding with the commonly used laser cooled alkali atoms, AE ~ 0.1 
eV, many orders of magnitude larger than the cold collision energies attainable in this work. 
Charge transfer in these asymmetric collisions (unlike ion and atom) have been successfully 
modelled for collision energies higher than the low temperature domain to be studied in the work 
proposed here. The scaling to colder collisions for the asymmetric charge transfer follows the 
Massey adiabatic criterion, i.e., when aAE/h bar v ~ 1 the inelastic cross-section is maximum, where 
a is an atomic size for the atoms in collision and v is the velocity at closest approach. The electron 
is able to absorb energy AE from the changing inter-atomic fields whose spectrum has its largest 
component around frequency o> = v/a » AE/h bar . At lower velocities where aAE/h bar v » 1 the 
cross-section falls off rapidly with decreasing v [6] falling approximately as (h bar v/aAE) 4 and thus 
the reaction rate, (ov), falls as T 5/2 with temperature. It would seem that charge transfer between 
unlike atoms would be very difficult at cold temperatures. We will return to this question in the 
next section. 

Low Energy Spin Exchange Collisions 

The electron spin exchange reaction between an alkali atom and an alkali-like ion, both in 2 S m 
ground states [9] is written 

A(T) + B + (l) - A(i) + B + (t) 

A(t) + B + (?) - A(T) + B + (t) 

The spin dependent interaction between atoms, V(r) = V 0 (r) + 8^8^^), conserves total 
electron spin S = S A + S B without any changes in orbital state. The inter-atomic potential is very 
different for the 1 T state where S A is parallel to S B than the i 1 state where S A and S B are anti- 
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parallel. A typical interaction energy vs intemuclear separation is shown in Figure 1 . The origin of 
this spin dependent interaction stems from the overall symmetry requirement of the electron 
wavefunction. The T t state has a node of the electron wavefunction between the colliding atoms 
and thus the two positively charged nuclei are not screened from one another as in the state 1 1 
where the electron wavefunction has its maximum value between the atoms. The shielding 
between the nuclei in this 1 T state results in the binding of diatomic molecules and is several 
orders of magnitude stronger than the dipolar magnetic interaction of the electron spin magnetic 
moments. 



Figure 1 : Interaction energy of two hydrogen atoms as a function of the intemuclear 
separation r [ref. 9]. 


The quantum mechanical cross-section for spin exchange is given by 

1 cutoff 

o = — Y. (2/ + l)sin 2 (8. TT - 6, u ) 
k 2 i-o 

where k = 2u/X ^ and 6," and 8, n are the phase shifts incurred in the scattering from the triplet 
and singlet inter-atomic potentials of Figure 1. For cold collisions where only a few partial waves 
contribute(see Table 1), the cross-section approaches nX 2 dB = rca^ 82(p(amu)E(K))' 1 where p is 
the reduced mass in amu of the collision partners and E is the kinetic energy in units of 
temperature K. Note that the rate constant, (av), for spin exchange collisions at low temperature 
increases as T‘ 1/2 with decreasing temperature. For mK collision temperatures, cross-sections can 
be of order 10‘ 12 cm 2 , two orders of magnitude higher than room temperature values. 

With regard to charge transfer in the cold collision regime, ion-atom collision partners 
approaching one another in the singlet state l T are drawn together gaining an eV or more of 
energy (Figure 1), many orders of magnitude higher than their separated energy. Thus ion-atom 
collision speeds could satisfy the Massey criterion for these singlet state collision partners and 
may charge transfer. By contrast, triplet state or spin parallel collision partners experience a 
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repulsive exchange interaction so that v/a « AE/h bar for all times preventing charge transfer. This 
could form the basis for state selection in the trapped ion cloud. That is, a spin polarized neutral 
beam will charge transfer and destroy the anti-parallel spin state ions without combining with the 
spin parallel ions. The remaining ion cloud would be spin aligned with the spin polarized neutral 
atoms. Externally driven RF spin flip transitions in the ion cloud would be followed, indeed, 
would be signalled by the generation of Li + ions, the byproduct of the charge transfer with the Hg + 
ion. Because charged particles can be detected with nearly 100% efficiency, the clock transition in 
the trapped ions could be monitored with very high SNR. This will be discussed more in the 
section on atomic clocks. 

The Onset of Quantum S-wave Scattering 

The long range interaction between an ion and neutral atom is via an induced electric dipole in 
the neutral resulting in an attractive interaction V p0 ,(r) = -ae 2 /2r 4 where a is the electric 
polarizability of the neutral. These measured values [10] are listed in Table 1 in units of a*) 3 , the 
cube of the Bohr radius. The attractive V^r) = -C 4 /r 4 and repulsive V efi (r) = I,(L+X)\J'l2\ir 1 
together produce a maximum in the long range potential at R C (L) = (4 p C 4 /L(L+ 1 )h bar 2 ) 1/2 of 
magnitude V C (L) = L(L+ 1 )h bar 2 /4pR c 2 (L). Table 1 summarizes these values. 

Table 1. Temperatures where the scattering becomes pure S-wave for different alkali atoms. 



c * 

R c (L=l)/ao 

T c = 

V c (L=l)/k B 

L cutoff (T=lmK) 

Li + Hg + 

163 

1430 

6 |iK 

3 

Na + Hg + 

158 

2410 

0.7 pK 

5 

K + Hg + 

291 

4200 

0.2 pK 

8 

Rb + Hg + 

317 

5940 

40 nK 

12 

Cs + Hg + 

400 

7670 

20 nK 



In the table we have listed C 4 f = a/a^ where C 4 = C 4 t (e 2 /2a 0 )a 0 4 , ao= h bar 2 /me 2 = 0.529xl0‘ s cm 
and e 2 /2ao = 13.6 eV. In addition, a,) 3 = 0.149xl0' 24 cm 3 . 

For collision temperatures less than T c , the angular momentum barrier prevents ion-atom 
distances closer than R,.(L) except for L = 0, i.e., s-wave scattering. These barriers are somewhat 
weaker and occur at much greater inter-atom distances than the neutral-neutral -C 6 /r 6 van der 
Waals induced barriers [1]. For ultracold collisions at T c or less, only s-wave interactions are 
energetically allowed and the scattering is fully quantum mechanical. Even at a temperature of 
lmK, only a few partial waves in the scattering process are allowed, especially for the lighter 
alkalis as shown in the last column of Table 1. 
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Applications 


Atomic Clocks and Tests of Local Position Invariance 

The method proposed here provides an attractive alternative to direct laser cooling and optical 
state preparing of trapped ions for operation as an atomic clock. There are several advantages: 

1) The optical transition in ions, used for cooling and optical pumping, is always in the ultra- 
violet. Indeed, Hg + , one of the most attractive clock atoms with a 40.5 GHz hyperfine clock 
transition, requires uv light at 194 nm, nearly into the vacuum ultraviolet spectral region. 

Although laser light at 194 nm has been generated via optical frequency doubling and additional 
nonlinear optical mixing, the process is costly since multiple visible lasers with watts of output 
power together with delicate doubling crystals are required. This procedure is to be contrasted 
with the relative ease which diode laser cooling of atoms in a MOT has become. Visible light from 
small solid state diode lasers (as used in CD players, for example) is carried by optical fibers and 
split into 3 intersecting retro-reflected circularly polarized beams[l 1], This technology is at the 
center of today’s optical industry ensuring a ready supply of off-the-shelf components. 

2) The clock transition in the HgTon is detected by the generation of Li + , a by-product of the spin 
dependent charge transfer to the laser cooled neutral. This is a natural synergy of cold collisions 
between heavy trapped ions and a light spin polarized neutral atom. An ion trap whose RF electric 
trapping field is set in frequency and amplitude to confine Hg + will eject the lightwieght Li + since 
the amplitude of its driven motion is so much greater. This ejected Li + ion can be detected with 
nearly 100% efficiency with channeltron electron multipliers surrounding the trap. This novel 
detection process has enormous energy leverage since a 40.5 GHz microwave photon (2x1 O' 4 eV) 
absorbed in the Hg + ion will trigger the ejection of a 100 eV or more Li + ion. Signal to noise in the 
clock resonance, with 100% detection efficiency, would allow 10' 14 x‘ 1/2 short term stabilities 
which enter the 10' 17 stability regions with only a few hours averaging time. 

3) The ions will be cooled to the temperature of the laser cooled neutrals, i.e., IK for the 
LV1S/MOT earth based cold beam source and much lower for space based ultra-cold beams 
where gravitational deflection of a slow beam is much reduced. The second order Doppler shift of 
the clock transition in the ion is reduced to below 10' 15 allowing clock stabilities into the 10' 17 
region. 

4) This technique is non-resonant, that is, without changing the light source/cold atom source, the 
trapped ion species could be changed and cooling, state selection, and resonance detection would 
be expected to procede as described above. The electron spin alignment between the colliding 
neutral and ion still mediates the close in collision dynamics and charge exchange even when the 
ion has more than one electron outside a closed shell. All diatomic molecules have binding and 
anti-binding states, determined by the relative orientation of the spins of the colliding 
partners[12]. Thus ions with large ground state splittings, even into the THz regime, could readily 
be investigated with little change in experimental apparatus. This could not be easily done with 
conventional uv optical pumping techniques. 
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5) Multiple species of ions could be trapped simultaneously (eg., Hg + and Cd + ) and operated as 
two clocks in a single apparatus. This is important for certain clock comparison tests of the 
Equivalence Principle where Local Position Invariance demands that all atomic clocks run at the 
same rate independent of location. A coupling of the atomic fine structure constant, a, to the 
gravitational potential would force clocks of different atomic number Z to change in relative rate 
[13]. Two clocks in a single apparatus passing near the sun (where gravitational potentials are the 
largest in the solar system) could be compared to one another onboard a small spacecraft without 
sending a stable clock signal downlink from the spacecraft to be compared to an earthbased clock. 
This eliminates the need for an ultra-stable downlink, nearly impossible over a baseline near the 
sun. This self contained onboard null measurement also eliminates the need to determine the s/c 
trajectory to sub-millimeter accuracy as required in the separated clock comparison where one 
clock is on earth with the other in space. 

Initial Laboratory Measurements 

The initial experimental apparatus will consist of a MOT source of cold atoms in the 
configuration recently demonstrated by Lu et. al [7], This low velocity intense source (LVIS) of 
cold atoms is a simple variation of a MOT trap and will produce a beam of density 10 9 to 10 10 
/cm 3 at speeds corresponding to IK effective temperature. This beam will be passed down the axis 
of a linear ion trap containing a cloud of Hg + ions as shown in Figure 2. 

LVIS Linear Ion Trap 



Figure 2: Schematic of the combination neutral and ion trap configuration. Neutral Lithium atoms 
exit a MOT in the LVIS configuration [7] and pass down the axis of a linear ion trap [16] 
containing 199 Hg ions. 


The ion trap region will be surrounded by two or more channel electron multipliers to measure 
the Li + ion by-product of the charge exchange Hg + + Li -* Hg + Li + . The lithium ion is ejected 
immediately after formation because of the mass selectivity of the quadrupole ion trap. In this 
configuration the charge transfer cross-section will be measured. Several linear ion traps have 
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been used as the basis of a Hg + frequency standard [14]. Only the LVIS source with lasers will 
need to be built and mated to the ion trap vacuum system. 

The LVIS beam can be optically pumped before entering the ion trap region and its polarization 
state optically monitored just after exiting the trap. In this way spin dependent charge exchange 
rates and spin exchange rates could be studied as shown in Figure 3. The experimental signature 
of the spin dependence of the charge transfer, i.e., that spin parallel reactions Hg + (t) + Li(T) -» 
Hg + Li + precede much more slowly than the spin anti-parallel reaction Hg + ( 1 ) + Li( T ) -* Hg + 
Li + would be a flux of Li + ions from the trap following a microwave induced electron spin flip in 
the Hg + ion sample. 

The spin exchange reactions would change the spin state of the transmitted alkali atom which 
could be optically monitored at the exit to the trap region. The ion cloud can also be optically 
pumped with a discharge lamp as done in the Hg + clock operation. 



Diode Laser Diode Laser 


Figure 3 : A low velocity intense source (LVIS) [7] generates a beam of cold lithium atoms which 
are spin polarized via optical pumping and pass down the axis of a linear ion trap containing Hg+ 
ions. Charge transfer Hg + + Li =* Li + + Hg is signalled by Li + ions ejected from the trap and 
collected in the surrounding channel electron multipliers. Spin exchange reactions with the Li or 
heavier slow alkali atom will result in a depolarization of the neutral beam and will be detected by 
optical fluorescence from the spin state analyzer as the spin states are re-aligned. 

The proposed trapped ion atomic clock which uses cold atom spin exchange and collisional 
cooling seems well suited for the micro-gravity environment. The ion cloud is contained in a trap 
and is quite tolerant of departures from a perfect zero-g environment. The cold atoms are used to 
cool and monitor the ion internal state, a much less critical role than when the atoms serve as the 
reference for the actual clock. A high Q clock resonance in freely floating neutral atoms will 
demand a strictly low-g environment. That is, phase shifts between successive Ramsey pulses due 
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to a slight movement of the neutrals relative to the microwave source during the clock precession 
time, will make an apparent frequency shift of the clock transition. This is analogous to cavity end 
to end phase shifts in conventional beam tubes. Spin stabilization of the spacecraft, the cheapest 
means for s/c attitude control, will not be practical for such zero-g neutral atom clocks. Ions 
confined to an RF trap would operate quite well in such a spacecraft even with cold atoms as a 
source of state preparation and cooling since the ions are strictly confined relative to the 
microwave source. 
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Abstract 

We describe a cold atom clock designed for operating in micro-gravity, the PHARAO project. 
Preliminary results have already been obtained on Earth and the prototype will be tested in the reduced gravity of 
aircraft parabolic flights in the beginning of 1997. 

The PHARAO prototype is an extension of the work done at the BNM-LPTF on a cesium atomic 
fountain, which presents a resonance linewidth of 700 milliHertz, a frequency stability of 1.5 10 I3 X' 1/2 where x 
is the integration time in seconds. The accuracy of the fountain clock is presently 2 10' 15 , more than three 
times better than previously achieved with uncooled conventional devices. 

The expected relative stability of the PHARAO cesium clock in space is about 3 10' 14 at one second or 
10' 16 per day. Because the reduced gravity environment allows a mode of operation of the clock different from 
Earth fountains, the accuracy of PHARAO should surpass that of fountains and be in the 1 O' 17 range. 

The PHARAO frequency standard could be a key element in future space missions in fundamental 
physics such as SORT (Solar Orbit Relativity Test), detection of gravitational waves, or for the realization of a 
global time scale and a new generation of positioning system. 


I Introduction 

Today, the most stable frequency standards are cesium clocks, hydrogen masers and trapped ion clocks. 
The unit of time, the second, is defined using the hyperfine transition F=3 to F=4 of atomic cesium. In a cesium 
clock, the atoms pass through a microwave cavity where they undergo the hyperfine transition. The microwave 
frequency, generated by a local oscillator, is frequency locked on the atomic resonance. Cesium clocks have the 
best long term frequency stability 1 (-10 14 from 1000 s to several years) and accuracy (-10 14 ), while hydrogen 
masers present the best short term stability (-10 15 from 1000 to 10 000 s). 2 A hydrogen maser has flown in 
space for two hours in 1976 in the NASA Gravity Probe experiment (GPA) and current plans exist to fly again 
hydrogen masers on board the MIR Space station before the end of this century. 2-3 Several tens of cesium clocks 
(as well as less precise Rubidium clocks) are now in continuous operation in GPS satellites orbiting at 
20 000 km above the Earth. 

The conventional cesium clocks use a ~400 Kelvin thermal atomic beam of cesium atoms (beam 
velocity -100 m/s and velocity distribution width -50 m/s). Nowadays, laser cooling techniques can very easily 
produce a dense gas of cold cesium atoms at a temperature of 2.5 (J.K corresponding to atoms with an r.m.s 
velocity of 12 mm/s. 4 These small velocities allow interaction times between the atoms and the electromagnetic 
field, approaching one second on Earth as compared to a few millisecond when using a conventional cesium 
clock. 5,6,7 ' 8 As the atomic resonance linewidth in cesium clocks is inversely proportional to the interaction time, 
an improvement of two orders of magnitude in the frequency stability and accuracy over conventional devices is 
expected. A first frequency standard using cold atoms in a fountain configuration has been constructed at the 
BNM-LPTF. The interaction time in this atomic fountain can reach 700 ms leading to a 0.7 Hz resonance 
linewidth. The frequency stability is 1.5 10' 13 t' 1/2 and reaches 1.5 10' 15 at t=10 4 s. For longer integration times, 
the stability is limited by the hydrogen maser used as a reference oscillator. The accuracy of the fountain clock 
has been recently improved over the value reported in 5 to 2 10' 15 . These are the best results ever obtained with 
cesium frequency standards. We are at present constructing a second cesium fountain in order to measure the 
stability over one day. The expected accuracy is in the 10' 16 range. 

It is predicted that microgravity conditions should enable a further factor of ten improvement in the 
interaction time with a simple and compact device. 9 The objective of the PHARAO project is to develop a space 
clock using cold cesium atoms. Such a frequency standard opens the way to a new generation of experiments. 
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II PHARAO project 


In 1994, the French space agency (CNES) decided to support a preliminary research program on a space 
frequency standard using cold atoms. Three laboratories, the BNM-LPTF, the ENS-LKB and the LHA are now 
cooperating for the construction of a prototype which will be tested in aircraft parabolic flights. Simultaneously, 
studies on local oscillators, frequency synthesis chains, microwave cavity modeling and time-frequency transfer 
are being performed. 

The micro-gravity clock prototype 

The main progress in laser cooling were achieved in the last few years. Although well understood and 
quite easily reproduced in laboratories with the recent development of diode lasers, these experiments are far from 
being compatible with space requirements. The weight of the BNM-LPTF atomic fountain is about 2 tons, with 
some hundreds of optical components. The device has to operate in a quiet environment. 

The main point of the PHARAO project is the construction of a much smaller, reliable and automatic 
prototype which will be tested in aircraft parabolic flights in the beginning of 1997. We want to record the 
microwave resonance fringes (v~ 9.2 GHz) during the reduced gravity of the parabolic flights to prove the 
reliability of the prototype in a hostile environment. This device is also designed to be transformed later into a 
high performance transportable fountain frequency standard. 

The experimental set-iip is shown in fig 1. As in the atomic fountain, 5 the prototype operates in a 
pulsed mode driven by a computer. In a vacuum tube, the cesium atoms are cooled and launched, experience a 
microwave interaction in a cylindrical TEo 13 cavity, and are finally optically detected. Due to the absence of 
gravity, only a single pass in the cavity is possible. With a low velocity of 5cm/s, the resonance linewidth can 
be as low as 0.1 Hz, a factor of ten narrower than on earth. All the laser beams are generated on a separated 
optical bench and connected to the tube chamber by optical fibers. A frequency chain synthesizes the 9.19.. GHz 
microwave field from a 10 MHz BVA quartz oscillator. 

Optical bench 

The optical setup generates the laser beams (X -852 nm) for cooling and detecting the atoms. A narrow 
linewidth diode laser, frequency locked on the F=4-F’=5 transition of the cesium D 2 line, provides the two 
detection beams. Two different diode lasers will be tested in the aircraft: an extended cavity diode laser and a DBR 
diode laser spectrally narrowed with a weak optical feedback and a fast electronic servo-lock. Both have a 
linewidth in the 100 kHz range, a value much lower than the cesium D 2 natural linewidth (5.3 MHz). A narrow 
laser linewidth is required for the atom detection in order not to add noise to the fluorescence signal. 10 After 
double-pass through an acousto optic modulator (AOM) which sets the molasses detuning, the beam of this laser 
is also used to inject two slave diode lasers which provide the cooling beams. The two slave lasers deliver each 
200 mW of optical power. Each beam is divided in three and coupled into polarizing optical fibers after a double 
pass in an AOM. The laser intensity ( a few mW per beam) is controlled in each fiber by means of variable 
retarder plates. The AOM detunes the laser to launch the atoms and allows quick turning off of the laser light. To 
avoid any parasitic excitation of the atoms during the microwave interaction, mechanical shutters insure a 
complete extinction of the laser beams. An additional DBR diode laser pumps the atoms in the upper hyperfine 
state (F=4) during the cooling process and at the detection of the atoms in F=3. The linewidth is 3 MHz, and the 
frequency is locked to the F=3-F’=4 of the cesium D 2 line. The whole optical bench, designed with standard 
optical components, has the following dimensions: 65x65x15 cm. Eight optical fibers link the optical bench to 
the vacuum tube: six for cooling, two for detection. 

Vacuum tube 

The cooling region contains a low pressure cesium vapor (lO -6 Pa). The 10 mW output of each of the 
six optical fibers are expanded to a 1 cm waist and are distributed in three orthogonal pairs of counterpropagating 
beams. Each beam is tilted from the vertical direction. With this geometry, the cold atoms are launched in the 
(1,1,1) direction with the moving molasses technique. 7 The launch velocity can be adjusted up to 8 m/s. Hie 
pressure in the interaction and detection regions is -10" 8 Pa to avoid 

collisions and parasitic background fluorescence in the detection region. The chamber is pumped by a 20 1/s ion 
pump and a graphite tube cesium getter. 

The microwave cavity is a 20 cm long TEo, 3 cavity which has a loaded quality factor of several 
thousands. The duty cycle (interaction time over cycle time) is around 0.5. A highly homogeneous static 
magnetic field (2 mG) is produced with a long solenoid and a mu-metal magnetic shield around the cavity. Two 
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compensation coils and three additional magnetic shields ensure the direction homogeneity of the magnetic field 
along the experiment. The axial shielding factor is larger than 10 5 over the cavity lengths. In addition, an external 
active compensation system will improve this figure by another factor of ten. 

After the atoms pass through the cavity, the populations of both hyperfine levels are independently 
measured by fluorescence in the detection region. The atoms in the F=4 level are first detected with a standing 
wave tuned 2 MHz below the F=4-F’=5 transition of the D 2 line. They are then pushed away by the radiation 
pressure of a traveling wave tuned at the same frequency. The remaining atoms in the F=3 level are optically 
pumped to F=4 by the repumping beam and detected with the same procedure. Condenser lenses collect about 3% 
of the fluorescence emitted by the atoms. 



Fig. 1 Scheme of the aircraft clock prototype. The length between the cooling and the detection region is about 
50 cm . 

Frequency chain 

The output of a 10 MHz reference oscillator is frequency multiplied to 100 MHz. The 100 MHz signal 
is band pass filtered and then routed to a x92 multiplier. The output power is 10 dBm. The 9.2 GHz and the 
7.3 MHz of a RF synthesizer are mixed in a single sideband mixer with better than about 25 dB image and 
carrier rejection. The resulting signal at the interrogation frequency is then level controlled by an active 
microwave attenuator. 

The acceleration variations in the plane are 2 g. This sets strong constraints on the accelerometric 
sensitivity of the reference oscillator. The projected atomic resonance linewidth is in the Hertz range. To scan this 
resonance without introducing errors greater than a few percent, the frequency retrace from one parabola to the 
other must be a few 10 12 . The duration of a parabola (20s) forbids long measurement averaging. The short term 
stability of the frequency chain must therefore be a few 10' 13 at one second. The typical static g-sensitivity of a 
high performance commercial quartz is a few 10' u , with a frequency stability of 3-6 10' 13 between 1 and 10 
seconds. The LCEP at Besan$on has provided a quartz oscillator with an acceleration sensitivity of ~4xl0' 12 /g. 

The performances of the aircraft clock prototype will also be evaluated on earth and compared to the 
atomic fountain. The long term stability measurement of the fountain being now limited by the H-maser, this 
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comparison will test both the fountain and the prototype. A relative stability of 10' 16 per day is expected. The 
accuracy of the prototype will also be evaluated. 

Ill Preliminary results 

The prototype is being tested on Earth in the scope of the future parabolic flights. The atoms are 
launched vertically with a velocity of 4 m/s in order to reach the detection region. In preliminary experiments we 
recently obtained a microwave resonance with a central fringe having a width of 10 Hz (Fig.2). The signal-to- 
noise ratio is presently 350 for a one second cycle time. We expect large improvements of the S/N in the near 
future. 

During 1997 we will compare the PHARAO prototype to the atomic fountain. An accuracy and stability 
evaluation of PHARAO as a high performances compact and transportable frequency standard will then be carried 
out. 



Fig. 2 Experimental microwave resonance 
fringes in the TEo 13 cavity. Single 
scan recorded with a 1 Hz frequency 


IV Interest of micro-gravity environment 


Operating in space with longer interaction times should lead to an improvement, in terms of accuracy 
and long term stability. Indeed most of the systematic effects are reduced with the atomic velocity. 

The short term stability depends on both the atomic interrogation scheme and the local oscillator. If we 
assume a perfect local oscillator, the fractional frequency stability is given by: 5 


Av 1 ItT 


(i) 


where v is the frequency of the clock transition, T c is the cycle duration, about twice the interaction time Tj and 
Av is the resonance linewidth varying as 1/T ( . N at is the number of detected atoms per cycle. 

One way to improve the short term stability is to increase N lt . Yet, for an accuracy in the 10 16 range, 
the density, averaged over the flight time, cannot exceed 10 6 atom/cm 3 . As a matter of fact, the dominant 
uncertainty is that of a shift proportional to the atomic density, which is due to collisions between the cold 
atoms. 8,11 In the BNM-LPTF fountain, this shift is typically lxl0' 15 with a 0.5xl0' 15 uncertainty. It is presently a 
serious limitation to the performances of cold atom clocks on earth and it also dominates the design of the micro- 
gravity clock. In space, as the launching velocity is much smaller, several clouds of cold atoms can be prepared 
before the first one enters the cavity. This allows to increase the number of detected atoms with the same average 
density. This improves the short term stability without increasing the cold collision shift. 

The radius of the cold atom cloud expands as ((V^ Tj) 2 + r„ 2 ) 1/2 , where V ms is the transverse velocity of 
the atoms and r„ the initial cloud radius. To optimize the stability for a given initial number of cold atoms, the 
interaction time must be equal to r/V ms . With the typical parameters (a rms velocity of 1 cm/s and a r 0 of 
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1 cm), the optimum T s is around 1 s. Thus, in the PHARAO prototype with one cm diameter holes in the 
cylindrical micro-wave cavity, a transverse temperature of 1 mK, an interrogation time of 0.5 second and a cycle 
time T c of 1 second, we detect 4 10 s atoms in mp=0 per cycle for a stability of 3 10' 14 t 1/2 or 10' 16 per day. Using 
three successive clouds of cold atoms loaded in -300 ms the collisional shift is 3 10' 16 . Assuming 5-10% 
fluctuation in the average atomic density will lead to a stability floor of 1.5-3 10' 17 . 

A second interesting case is to assume transverse cooling or transverse selection of the atoms to a 
temperature so low that all the atoms entering in the micro-wave cavity do contribute to the signal after an 
interaction time of ten seconds. With sub-recoil laser cooling techniques, 12-1314 the atomic transverse velocity can 
be reduced below 1 mm/s. This corresponds to an optimum T; of 10 s, which would lead on earth to a fountain 
height of 100 m. In space this is realizable with a compact device. Assuming an ideal local oscillator, the 
Ramsey fringe width is 0.05 Hz and the short term stability is 10' 14 x' 1/2 with the same collisional shift of 2-3 
10" 16 . The stability floor of 1-2 10 17 will then be reached after about three days of integration time. As pointed 
out by K. Gibble at this meeting, it might well turn out that Rubidium atoms would ultimately lead to still 
better performances if the cold collision shift is smaller than that of Cesium. 

However the short term stability performances also depends on the local oscillator: for a pulsed 
operation, an aliasing phenomenon downconverts the local oscillator noise at all the harmonics of the sampling 
frequency. This can bring a strong limitation to the short term stability of the frequency standard. Over a time 
around T c , if the flicker frequency noise dominates (for instance with a quartz crystal oscillator), the stability of 
the frequency standard is expressed by: 15-16 

<7 2 (r) * 025 o 2 w i-+ <j 2 , (r) (2) 

T 

where o w is the flicker floor stability of the local oscillator. For the present BNM-LPTF atomic fountain, 
C al (T)=7 10 14 x' 1/2 , O lo -2-3 10 13 at one second and the measured stability is 1.5 10' 13 f 1/2 . Development is 
being carried out to improve the stability of the quartz oscillator. As long as the short term stability is limited by 
the flicker noise floor of the local oscillator, the degradation of the stability increases with the interaction time. 
With present state-of-the-art quartz oscillator technology, a local oscillator stability of 7 10 14 at 1 s is available. 
Thus the PHARAO clock in space can readily reach the fractional frequency stability of 3 10' 14 t' U2 with 1 s 
interaction time. For a ten second interaction time, a H-maser or a cryogenic oscillator are good candidates as 
local oscillator. 

Depending on the requirements of each use of the clock (stability over a few hours or accuracy), a 
compromise between the different parameters discussed above will be determined: the choice of the local 
oscillator, the interaction time, the atom number and velocity. 

VI Space applications 


Time and frequency metrology 

A space cold atom clock would be a primary frequency standard accessible from anywhere. It opens the 
way to frequency comparisons, to dissemination of, an international time and to a next generation of 
navigationing and positioning systems. The very low drift of the space clock would also allow frequency 
comparisons between clocks without the constraint of common view of the satellite. 

A tool for tests of fundamental physics. 

With clocks having a stability of 10 16 over one day, it should be possible to measure with a potential 
100-fold improvement over the 1976 GPA experiment 2 the gravitational red-shift (Einstein effect). This general 
relativity effect was determined at the 10‘ 4 level using H masers having a stability around 10 15 over the 2 hour 
mission duration. With a measurement in the 10" 6 level, the validity of theory could be assessed up to the second 
order. 

A new measurement of the Shapiro effect is proposed: the SORT project. 17 It intends to measure the 
gravitational delay on the travel time of light pulses sent from the earth and differentially detected on two 
satellites orbiting in the Solar system. The signature of the gravitational delay is extracted from the comparison 
between the arrival times of the light pulses to the satellites. This measurement will lead to a better 
determination of the post-Newtonian parameter y which is equal to 1 in general relativity. Yet, a more general 
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class of theories predicts a slightly different value of y. 18 The best experimental evaluations so far show no 
deviation from 1 at the 10' 3 level. 19 With the SORT project, we could estimate y with an accuracy of about 10 7 . 

Various other tests and measurements can be thought of: direct detection of gravitational waves, 20 
isotropy of light velocity 21 . 

First mission 

A first objective of a space experiment is the demonstration of a clock running with laser cooled atoms 
and the determination of its performances. In space, we expect in a first stage a stability better than 10 13 z' m and 
an accuracy of about 10 16 . The evaluation of these performances would be made either on board or from the earth. 
On board, the comparison oscillator could be either another cold atom clock, or a frequency standard with a better 
short term stability (10 15 from 1 hour to 1 day). These include space versions of hydrogen maser, ion traps or 
cryogenic dielectric resonator. The international space station (ISSA) could be the platform of this first 
experiment (ACES proposal). 

A crucial factor in the use of a space frequency standard is the quality of the frequency comparison 
between the onboard clock and frequency standards on earth. In order to transfer this space clock performances, a 
10" 16 accuracy is required. Today, the GPS is in the I0 14 -10' 15 range and two way links are in the 10 15 range. 22-2 
We need at least a one order of magnitude improvement. An optical link using pico-second laser pulses is being 
developed by the Observatoire de la Cote d’Azur OCA , 23 with an expected accuracy of 10' 16 . However, by 
contrast to the optical link, the micro- wave link has the advantage of being independent of weather conditions and 
can allow a continuous link with the space clock. 

The PHARAO project aims at developing a new generation of space clocks. In the beginning of 1997, a 
prototype will be tested in the reduced gravity of aircraft parabolic flights. It will be the first step toward the 
construction of a satellite cold atom clock with a stability and an accuracy in the 10' 17 range. These performances, 
as well as future time and frequency transfer methods, can be validated on board the international space station. 
This ambitious program seems realistic with an international cooperation. 
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Abstract 

Work leading to the recent achievement of Bose condensation in alkali gases 
has resulted in the development of a powerful set of tools for cooling atoms. 
A sample prepared with these techniques and ballistically expanding in a mi- 
crogravity environment would remain localized for times of order 1000 seconds. 
Such long interrogation times would allow the construction of clocks with ex- 
tremely narrow linewidths. This paper addresses parameters relevant to such 
a standard. 


1 Introduction 

The ideal system for an atomic frequency standard is an atom at rest in free space: 
the absence of perturbations would allow for the realization of the definition of the 
second, and arbitrarily long observation times would allow arbitrarily narrow line 
widths. The closest realization of this ideal comes in the form of trapped ions, which 
have been represented by several interesting talks at this meeting. However, the def- 
inition of the second remains the province of neutral cesium, with observation times 
determined by the finite velocity of the atoms. This paper is aimed at addressing 
whether the atom-cooling techniques developed for achieving Bose-Einstein conden- 
sation (BEC) in alkalis [1] might be useful for producing a cesium clock with extremely 
long observation times when used in a low-gravity environment. Specifically, could 
a combination of laser cooling, evaporative cooling in a magnetic trap, and adiabatic 
expansion be used to achieve a potential accuracy of 10" 17 with reasonable averaging 
times? 

The goal of this paper is not to propose a better clock, which involves much more 
than a scheme to reduce the shot-noise limited stability, but rather to follow the trend 
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towards futher cooling to see what might be possible with cold atoms. In order to 
reach the goal of 10 -17 , we have asked the question of whether it would be possible to 
observe a 1 cm diameter cloud of 10 4 atoms for 1000 seconds. We imagine trapping 
and cooling the atoms inside of an open Fabry-Perot microwave cavity, eliminating 
the need to transport atoms around, but such details go beyond the scope of this 
paper. Such a system would give a shot-noise limited sensitivity of 5.6 x 10~ 15 /a/t, 
beginning at 1000 seconds, or 2 x 10 -17 in one day. The size of the cloud has been 
chosen such that collisional shifts of the cold atoms are kept to 10” 17 . 

If we are willing to let the cloud double in size during the expansion, the atoms 
must be cooled to a temperature of 1 pK, corresponding to an RMS velocity of 7 fim/s. 
Such cooling would be achieved by the following sequence: laser cooling to a few /jK , 
evaporative cooling in a magnetic trap, and finally adiabatic expansion to 1 cm. After 
this preparation, all traps would be turned off for the ballistic expansion used for the 
clock cycle. These cooling elements have been demonstrated and described elsewhere, 
but we review the basic concepts here. 


2 Laser Cooling 

The techniques for laser-cooling of atoms have been developed and extensively docu- 
mented elsewhere [2], Table 1 lists temperatures and velocities achieved with various 
cooling schemes. With moderate care, the atoms are left with kinetic temperatures 
corresponding to a few photon recoils, allowing the 10 ms interaction time of thermal 
beams to be extended to 1 second in an atomic fountain, limited largely by the accel- 
eration of gravity. A space born clock such as in the PHARAO project discussed at 
this workshop would enjoy an interrogation time of as much as 10s in a cold beam, 
where even there the observation time is limited by the transverse velocity of the 
atoms. 

Greater effort can produce samples with velocities below a single photon recoil 
velocity, but even the coldest ID temperatures achieved would result in a 40 cm 
cloud after a 1000 second expansion time. Sub-recoil cooling will not be necessary 
for use with the cooling prescription described in this paper, since cooling to a few 
/iK is a sufficient starting point for evaporative cooling in a magnetic trap. 
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Table 1: Temperatures and velocities achieved for cesium by various laser-cooling 
schemes. The current discussion requires a temperature of lpK, or 7 fim/s RMS 
velocity. 


Technique 

Temperature 

Velocity (RMS) 

Ref. 

Thermal beam 

300 K 

10 4 cm/s 


Magneto-Optical Trap 

100 fxK 

7 cm/s 

[2] 

Polarization Gradient 

2 fiK 

1 cm/s 

[3] 

Optical Lattice 

700 nK 

6 mm/s 

[4] 

Raman Cooling in 3D 

~ 380 nK 

4 mm/s 

[5] 

Single Photon Recoil Limit 

200 nK 

3 mm/s 


Velocity Selective Coherent 

~ 10 nK 

0.65 mm/s 

[6] 

Population Trapping 




Raman Cooling in ID 

3 nK 

0.4 mm/s 

[7] 


3 Evaporative Cooling 

The laser-cooled atoms are cold but the cloud is too large for sufficient cooling through 
adiabatic expansion and not dense enough for efficient evaporative cooling, which 
requires a high elastic collision rate. The usual technique is to load atoms with the 
appropriate spin projection into a magnetic trap, then increase the strength of the 
trap adiabatically to produce a hot, tightly confined sample as shown in Fig. 1 and 
described in Ref. [8]. 

Application of a radio-frequency (RF) field then couples atoms at a particular 
trap radius to an untrapped state, with the radius determined by the RF frequency. 
By moving this RF “knife” in from the outer edge of the trap, the hottest atoms 
are removed, leaving behind the cooler atoms which rethermalize through elastic 
collisions. Successive application of RF of different frequencies results in a cold dense 
cloud. 


4 Adiabatic Expansion 

For the clock, we require a relatively low density and extremely low temperature. 
Both of these would follow from an adiabatic expansion in the magnetic trap, as 
represented in Fig. 2. As the trapping potential is reduced, the cloud expands and 
cools. In a harmonic potential, the temperature reduces as the square of the change 
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Figure 1: Magnetic trapping and evaporative cooling. In a), a low-density cloud 
of cold atoms gets trapped in a magnetic potential and then squeezed into a tight 
magnetic potential. Atoms with the wrong spin projection are ejected from the trap. 
In b), hotter atoms in the trap are connected to an untrapped spin state using an RF 
“knife.” The remaining atoms rethermalize to a cooler temperature. 
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in linear dimension of the cloud, or 



( 1 ) 


Since the atomic velocity scales as the square root of the temperature we recover the 
relationship 


XiVi 



( 2 ) 


which is simply a statement of Liouville’s theorem, or conservation of phase space in 
an adiabatic process. 

For this expansion, adiabaticity requires that the change in trap depth occur 
slowly compared to the natural frequency of the trap. To minimize the expansion 
time, instead of weakening the trap adiabatically we could suddenly change to a 
trap which would just confine atoms with the desired final velocity of 7 //m/s. This 
weak trap is turned off suddenly after one quarter oscillation, when the atoms are at 
the classical turning point of the trap. This is the reverse process of quarter-cycle 
magnetic focusing, leaving the atoms in the same final state as if the expansion had 
been adiabatic. The expansion time is then given by given by 


1 27T 7 T Xf 

7 - 

‘-exp ~ . — . 

4 U)f 4 Vf 

For our trap conditions this corresponds to an expansion time of 1100 seconds. 

Notice that Eqn. 3 depends only on the final velocity, which was determined by the 
allowed expansion of the cloud for given averaging time, and the final size of the cloud, 
which was determined by our choice of atom number and density. Since the expansion 
process is effectively adiabatic combinations of initial velocity and position all result 
in equal expansion times for a desired final result, neglecting a correction proportional 
to ( Xi/xf ) 2 which is only significant when very little expansion is required. For the 
low densities desired, it currently would be impossible to create the final state directly, 
so the long preparation time comes with the long observation time. 



5 BEC considerations 

One important consideration for such cold atoms is whether the sample will Bose 
condense, which would result in a sample with an undesirably high density. This 
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Figure 2: Adiabatic expansion in a magnetic trap. As the trap potential is reduced 
adiabatically, the cloud spreads out in space and cools. 


issue is especially important for cesium, which appears to have a negative scattering 
length [9], indicating that atoms would be lost from the trapped sample. The thresh- 
old for Bose condensation occurs roughly when the thermal de Broglie wavelength of 
the atoms is equal to the inter -atomic spacing. More precisely, Bose condensation 
occurs when 

n\ 3 dB > 2.612. (4) 

Casting this relation in terms of the sample density and temperature and comparing 
to the threshold for BEC, a density of 10 4 cm -3 at a temperature of 1 pK gives 

(nT-i) i 

(nT-l) 60’ ( ] 

\ /BEC 

so the desired conditions are far from the BEC threshold. 
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6 Other Considerations 


Since we have not described in any way the construction of a real clock, it would be 
meaningless to make any serious claims about systematic shifts, but it is interesting 
to note that for identical cavities, the effect of a distributed cavity phase shift, the 
different phase of the microwave field experienced by atoms at different locations in 
the microwave cavity, is reduced as the observation time is extended. Scaling the 
expected phase shift in a typical fountain cavity [10] to the larger size of our cloud, 
the phase shift increases by roughly a factor of four, but since this truly is a phase 
shift and not a frequency shift, the resulting shift in the observed frequency is reduced 
by three orders of magnitude by the longer interaction time. Such direct comparison 
is inappropriate since our scheme would require a dramatically different cavity design, 
but the reduction in importance of the phase shift would allow more flexibility in the 
design. 

We had hoped that the long interaction time would lead to an interrogation duty 
cycle much greater than 50%, which is typical of atomic fountains, since this would 
reduce the periodic sampling noise known as the Dick effect [11]. In the proposed 
scheme, the expansion time always ends up being comparable to the observation time 
for a cloud which doubles in size, so realizing a clock of the imagined type would 
instead require a vastly improved local oscillator. 

We have also glossed over the difficulty of magnetic trapping and evaporative 
cooling of the m = 0 state used in the clock transition. One possibility is to trap and 
cool atoms inam^O state and then transferring them to the m — 0 state using 
RF transfer methods. A more elegant solution would be to trap and cool atoms in 
the m = 0 state directly using the second-order Zeeman shift. The field at the edge 
of the trap for 1 pK atoms would be 1 fj, T, with an initial magnetic trap strength of 
10 mT providing the strong confinement for evaporative cooling. 


7 Summary 

In the preceding pages, we have entertained an extension of current trends towards im- 
proving neutral-atom clocks through a reduction of atomic velocity. The performance 
potential of some future clock based on evaporative cooling and adiabatic expa nsion 
as described here would achieve a shot-noise limited sensitivity of 5.6 x io-‘ 5 /V^W- 
However, due to the long preparation time the system would only begin reporting at 
2000 seconds and would require the use of 2 x 10 4 atoms. Even with the increase 
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in number of atoms, collisional shifts will be held to — < 10~ 17 since the average 
density of the cloud is reduced by the expansion. 

This work was supported by the Office of Naval Research. 
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Future Laser-Cooled Microwave Clock Performance 

Kurt Gibble, Sloane Physics Laboratory, Yale University, New Haven, CT 06520-8120 


Limitations to the performance of laser-cooled earth and space-based 
Cs clocks will be critically discussed. The most significant limitation to the 
stability and accuracy of laser-cooled atomic clocks is the frequency shift 
due to cold collisions. Because of it, laser-cooled Cs clocks must be 
operated at low density and this implies that space based Cs clock 
performance will not be significantly better than earth based. To regain 
some of the high accuracy and stability lost to the low density, clocks can be 
designed to multiply launch (or juggle ) atoms. Clocks based on other 
atoms, in particular 87 Rb or possibly 85 Rb, may have much smaller cold 
collision frequency shifts and therefore be capable of higher stability and 
accuracy, especially in a space environment. 


The wave nature of atoms at pK temperatures implies scattering cross sections can 
be much larger than room temperature cross sections. In laser-cooled atomic clocks the 
scattering produces frequency shifts that can be large. 1 In a Cs fountain clock, the 
frequency shift cross section is -10 6 A 2 which produces a frequency shift of -1.6xl0~ 12 at 
an atomic density of 10 9 cm -3 . 2 Of course it can be suppressed by reducing the atomic 
density but this compromises the stability of the clock. In this paper, we examine the 
potential performance of space based laser-cooled clocks and potential techniques to 
improve their accuracy and stability. 

Microgravity Clock Designs 

The atomic fountain 3 is clearly an ideal technique for earth-based laser-cooled 
clocks. 2,4,5 Of course, an atomic fountain will not work in p-gravity. There are a number 
of possible designs and we discuss 3 of these below. 

Probably the most sensible design for a p-Gravity clock is simply a laser-cooled 

version of the present room-temperature atomic beam clocks. 6 These have a "Ramsey 
cavity" which allows atoms to pass through 2 microwave cavities - these cavities are 
separated by a section of waveguide into which the microwave probe signal is injected. At 
one end of this microwave cavity would be a laser-trap that would launch atoms through 
the 2 microwave cavities. After passing through the cavities, there is a detection region 
where the internal state of the atom is detected by pulsing a laser beam and detecting the 
scattered fluorescence. 

The principal advantage of p-gravity for laser-cooled atomic clocks is a long 
interaction time with the atoms. We expect a p-gravity clock will have an interaction time 
of T = 50 s giving a 10 mHz atomic transition linewidth. At first glance it seems that the 
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long interaction time compromises the short term stability of the clock. In a single 
measurement, the atoms are used to measure the frequency of the local oscillator within 
§v/v = Av/(k D S/N) where Av is the atomic linewidth, V is the transition frequency, and 
S/N is the signal-to-noise ratio. If the clock is shot-noise limited, then S/N = N~ where N 
is the number of detected atoms. As T increases, N scales as T -2 in a beam clock because 
the atoms spread more for longer T so that fewer pass through the opening in the second 
microwave cavity. Therefore S/N scales as T" 1 and, since At) = 1/2T, the instability after a 
single measurement is independent of T. However, because the short term stability is the 
product of the single measurement instability and the (measurement rate) -- , the instability 
apparently increases for longer T. This is a serious problem if we expect the ji-gravity 
clock improvements in accuracy to be realized within the same averaging time - clock 
designs that simultaneously realize improvements in accuracy and stability are most 
attractive. 

Multiply launching atoms enables a high stability while retaining the accuracy 
advantages of a long interaction time. 7 Instead of launching 1 ball of atoms at a time, balls 
can be easily launched at a rate R as fast as 30 s _l . The short term stability is then 8v/v = 
Av/(k u S/N) R~~. For T = 50 s, multiply launching at a rate R = 5 s' 1 improves the short 
term stability by a factor of 16. 

In most satellite clocks there is a trade-off of size and weight versus performance. 
Here, to achieve the high stability potential, atoms can be launched between 1 and 30 times 
a second even though it takes 10 to 50 s to traverse the cavity. The trade-off of size versus 
performance arises because the lasers used for trapping disturb the free flight of the atoms 
through the clock. One way to deal with this is to use a pair of rotary shutters to block the 
light. 8 However, this implies that after the atoms are launched, they must clear the shutter 
before another ball of atoms can be launched. So, if atoms are launched at 5 s' 1 and the 
shutter region occupies 1 cm, the atoms must be launched at 5 cm/s. If an interaction time 
of T = 10 s is used, the Ramsey cavity must be 0.5 m in length. On the other hand, at 1 
launch per second, only 10 cm is required. Of course, if a 50 s interaction time is desired, 
then for 1 launch per second, a 50 cm length is required. From Eq. (1) we can calculate the 
relative performance of these 3 cases: 
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Interaction Time T 

Launch RateR 

Cavity Length L 

■Miaa 

10 s 

5 s" 1 

0.5 m 

1 x 10 15 x - 


1 s -1 

0. 1 m 

2 x 10" 15 x~- 

50 s 

1 s“‘ 

0.5 m 

2 x 10“ 15 X"- 


where x is the averaging time in seconds. 


Here, several points should be emphasized about Ji-Gravity clocks: 

1) The averaging time required to achieve a desired accuracy is simply proportional to 
the square root of the launch rate. The stability is independent of T and L. 

2) The length of the microwave cavity is proportional to the launch rate, interaction 
time, and diameter of the ball of atoms. 

3) There is no gain in stability for interaction times longer than ~10 s but accuracy 
improves. 

4) For higher launch rates, less performance is required from the reference flywheel 
oscillator. 

5) For very high launch rates, some systematic errors increase. The c-field and 
microwave power are proportional to R but the problems these create should not be 

limitations for R = 5 s _1 . 

It is clear the exact details of the design will depend upon the particular goals and 
the space platform. For comparison, the latest earth-based room-temperature clock, NIST- 

7, has a stability of ~5 x 10 13 f- and a Cs fountain with an ultracold shift of 10' 15 has a 

demonstrated stability of 10 13 x'-. 5 Therefore, the p-Gravity version should be 100 times 
more accurate and require an averaging time 10 4 times shorter to achieve a given precision. 
Another p-Gravity design traps the atoms in a single cavity. This simple design 

precludes the higher stability possible with multiple launches and makes efficient detection 
of the atoms challenging. 

A more creative design is a "space fountain" where the atoms are trapped at rest and 
the microwave cavity moves instead. Here, the diode lasers, the microwave cavity, and 
cold atom source are mounted on a miniature boom-arm which swings the lasers, cavity, 
and source in a circle at 1 revolution per 10 to 50 seconds. Thus, atoms would be trapped 

at one spot, the cavity would swing through the ball of atoms delivering a n!2 (or te/ 5) 
pulse, the arm would rotate through the rest of the circle trapping =300 balls of atoms, and 
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then swing around to drive the final rc/2 pulse and detect the atomic state. Again there are 
trade-offs. Matching the performance of 30 launches per second of an earth fountain and 
using T=10 s requires a =1 m boom-arm. For shuttle or space station missions this novel 

design offers phenomenal stability and accuracy while retaining all the features of an earth- 
based fountain at the price of significantly more complexity. However, free flying satellites 
are typically spun at several RPM. While a laser-cooled beam clock will most likely need 
to be de-spun, a space fountain may be able to take advantage of the rotation. 

Rb versus Cs Clocks 

Because the cold collision frequency shift is so large in a laser-cooled Cs clock, a 
clock based on Rb may offer much better accuracy and stability. The ratio of the ma ximum 

possible stability in a ^.-Gravity Rb or Cs clock can easily be calculated. In the regime 
where these would be operated, the S/N is limited by the shot-noise so that S/N = N-. For 
measurement times longer than = 10 s, N = rc/3 N trap /(u T) 2 (\/5) 2 where N (rap is the 

number of trapped atoms, u is the atomic velocity, and XJ5 is the diameter of the hole in 
the microwave cavity. Substituting u=4.8 v rec = 4.8 h/(m X opt ) which is the minimum laser- 

cooled velocity achieved with 6 beam molasses, 9 from a Fourier transform, Ao = 1/2T, we 
get: 

8v _6h 1 

V c 2 mN % 

**opt rn 1 T trap 

Here we see the stability does not depend on the transition frequency in a jx-Gravity 

clock. This occurs simply because more atoms can get through the larger microwave cavity 
for a lower frequency and because, for long enough T, the clock is always shot-noise 

limited. Therefore, the stability of a ji.-Gravity Rb clock is worse than a Cs's by the ratio 

of (A. opt x m) which is 1.7. However, it may be possible to operate a Rb with no ultracold 

collision shift allowing a higher atom density and therefore greater stability. 

The principle problem for earth-based Rb clocks is the transition Q. Here the 

problem is that Av = 1/2T and T is limited to =0.5 s due to gravity. Therefore, to achieve 
8v/v = IQ" 16 in 137 Cs, the center of a Av=l Hz line must be determined to 1 |j,Hz, For 85 Rb, 
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which has a 3.035 GHz transition, the center must be determined to 300 nHz. While this 
difference is not overwhelming in light of the ultracold collision shift, the motivation for 

exploring p-gravity Rb clocks is perhaps more compelling than for earth-based fountains. 

Eliminating Cold Collision Frequency Shifts 

Rb may be a particularly attractive atom if it is possible to completely eliminate the 
shift in a clock based on Rb. We have proposed 10 to use population differences to cancel 
the shift. 11 For example, if in an ^Rb clock the atomic population in the F = 2 mp=0 state, 

n 2 , produces a frequency shift Av 2 = 1 mHz for n 2 =10 9 cm -3 and the population in the F=1 
mp=0 state, n,, produces a frequency shift Av, = -10 mHz for n,=10 9 cm -3 , then the 

frequency shift Av = n, Av, + n 2 Av 2 can be eliminated if n/n, = 10. The population ratio 
n/ n, is easily controllable by adjusting the microwave intensity in the cavity on the first 
(upward) pass through the cavity to drive a rc/5 pulse instead of a tc/2 pulse. 

Exciting with less than a nJl pulse obviously affects the clock's performance. One 
can easily show that the atomic frequency discrimination signal is maximal when the 
second pass through the cavity drives a Till pulse. The size of the signal, or the Ramsey 
fringe contrast, is 2p /(l+p) where p is the population ratio n 2 /n,. This technique is viable 
because the contrast does not decrease rapidly for p£l. For p=2 the fringe contrast is 94% 

and for p=14 the contrast is 50%. Driving less than a nJl pulse does increase the effect of 
cavity pulling and the sensitivity to microwave intensity fluctuations on the second passage 
through the cavity (the nJl pulse). 

In the operation of such a clock, it will still be important to continuously perform an 
n— >0 extrapolation. Here, the microwave amplitude for the upward passage will be 
stabilized to produce no cold-collision frequency shift. This is more attractive than the 
previous n— >0 extrapolation because here one need only change the density to see that 

AVcqh = 0 versus needing accurate density ratios as in Ref. 2. 

Unfortunately, this technique does not work for 133 Cs since the frequency shifts for 
the 2 clock states are both negative. 12 We have recently shown that the technique will work 
for 137 Cs and may work for 135 Cs. 10 To calculate the shifts for these isotopes it was 
necessary to derive the Cs-Cs potential from our measured cold-collision frequency 
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shifts. 12 The determination of the Cs-Cs potential from the frequency shifts is also useful 
for other experiments - here it led to the first prediction of an alkali s-wave scattering length 
which is crucial for the stability of Bose condensed gases. While the determination of the 
potential is nearly 2 orders of magnitude better than that which can be done with RKR 
methods, it is still not sufficiently accurate to predict the prospects for a 135 Cs clock. 10 
While a 137 Cs clock can be operated with no shift, it is too radioactive to be used in a 
standard laser-cooled clock apparatus. We are currently pursuing a measurement of the 
frequency shifts in 87 Rb. The shifts must be measured because the Rb-Rb potentials are 
not known well enough to be able to calculate the shifts. Since the frequency shifts are 
cancelable over a wide range of frequency shifts as long as the 2 clock states produce 
opposite frequency shifts, one of the Rb isotopes is likely to allow the full stability and 
accuracy potential of a laser-cooled clock. 
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We have recently demonstrated an atom interferometer gyroscope with a 
short-term sensitivity of 2xl0 -8 rad/sec/\/Hz- This performance is compara- 
ble with state-of-the-art optical gyroscopes. We have used this gyroscope to 
measure the rotation rate of the Earth. Straight forward improvements could 
bring this sensitivity to better than 10 -9 rad/sec/\/Hz and dramatically re- 
duce long term drift. 


Matter-wave interferometry has the potential to be an extremely sensitive probe for in- 
ertial forces. For example, neutron interferometers have been used to measure the rotation 
of the Earth [1] and the acceleration due to gravity [2]. More recently, atom interference 
techniques have been used in demonstration experiments to measure rotations [3] and ac- 
celerations [4]. We have demonstrated a Sagnac effect atom interferometer gyroscope which 
uses stimulated Raman transitions to coherently manipulate atomic wavepackets. We have 
used this gyroscope to measure the Earth’s rotation rate and have characterized its short- 
term stability. 

In the Sagnac geometry [5], rotation induces a phase shift A<f> between two interfering 
propagation paths. For a Sagnac loop enclosing area A, a rotation O produces a shift 

• a, (i) 

where A is the particle wavelength and v its velocity [6,7]. Thus the inherent sensitivity of a 
matter-wave gyroscope exceeds that of a photon-based system by a factor of me 2 /hu> ~ 10 u 
(m is the particle mass, u> the photon frequency). Although optical gyroscopes have higher 
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particle fluxes and larger enclosed areas, atom-based systems should still out-perform optical 
systems by several orders of magnitude. 

With the Raman method, two laser beams of frequency u > i and uj 2 are tuned to be 
nearly resonant with an allowed optical transition. Their frequency difference u>i — u> 2 is 
chosen to be resonant with a microwave transition between two atomic groundstate levels. 
Under appropriate conditions, the atomic population Rabi flops between the groundstate 
levels with a rate proportional to the product of the two single-photon Rabi frequencies 
and inversely proportional to the optical detuning. When the beams are aligned to counter- 
propagate, a momentum exchange of approximately twice the single photon momentum 
accompanies these transitions. This leads to a strong Doppler sensitivity of the two-photon 
transition frequency, and can be used to coherently divide (with a 7 t/ 2 pulse) or deflect 
(with a 7T pulse) atomic wavepackets. (On the other hand, when the beams are aligned to 
co-propagate, these transitions have a negligible effect on the atomic momentum, and the 
transition frequency is Doppler insensitive.) A Mach-Zehnder type interferometer is formed 
using a 7r/2-7r-7r/2 pulse sequence to coherently divide, deflect and finally recombine atomic 
wavepackets. The resulting interference can be directly observed by measuring the atomic 
groundstate populations [8]. 
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transfer manipulation 


FIG. 1. Schematic illustration of the gyroscope 

Our experimental apparatus is illustrated in Fig. 1. We generate a high brightness atomic 
beam by transversely laser cooling an effusive Cs source. Following the laser cooling, atoms 
are optically transferred into the Cs F=3, m/ = 0 level before entering the magnetically 
shielded interrogation region. Interference is manifested through the number of atoms in 
the F=4, m/=0 level after the 7r/2-7r-7r/2 pulse sequence. The resulting Sagnac loop has an 
area of 22 mm 2 . This corresponds to a fringe shift of ~8 rad for the Earths rotation rate 
fl e = 7xl0 -5 rad/sec. Our signal-to-noise was good enough to split the fringe by ~ 1 part 
in 500 after 1 second of data collection time. We have suppressed gravitationally induced 
phase shifts by aligning the Raman beams to be perpendicular to the local acceleration due 
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to gravity. 



-100 0 100 200 

Rotation rate (jirad/s) 


FIG. 2. Gyroscope interference signal. Dots: experiment. Open circles: theoretical model. 

The ~2 m long UHV vacuum chamber was mounted just above a floating optical table. 
Care was taken to minimize vibrational coupling between the table and the chamber. The 
optical table contained the optics and laser system used for the wavepacket manipulation 
as well as for the laser cooling. In order to observe interference fringes the entire optical 
table was made to rotate by driving horizontal table rotational modes. This was done 
with a PZT which was attached at one end to the floatirfg table, and on the other end 
to an independent platform just next to the optical table. The induced rotation rate was 
independently measured with a seismometer located on the table top. Fig. 2 shows the 
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number of detected atoms in an 800 msec interval vs, the induced rotation rate. Note that 
the center of the contrast envelope is offset from the zero rotation rate inferred from the 
seismometer. This offset arises because the seismometer is not sensitive to low frequency 
excitations such as those arising from the rotation of the Earth. The gyroscope, on the 
other hand, is. Accurate measurement of this offset allows for determination of the Earths 
rotation rate. 

The loss of contrast at high rotation rates is due to the averaging of the Sagnac phase shift 
over the longitudinal velocity spread of the atomic beam. We have calculated the expected 
signal given our measured longitudinal and transverse atomic beam velocity distribution, as 
shown by the open circles in Fig. 2. This calculation also accounts for an arbitrary initial 
optical phase offset for the Raman laser beams. This phase offset, which was not controlled 
in our experiment, determines the location of the interference fringes within the contrast 
envelope. 

We developed a new laser system to drive the stimulated Raman transitions needed for 
wavepacket manipulation [9]. The stimulated Raman method requires two high power laser 
beams which differ in frequency by 9.2 GHz, the cesium clock frequency. Our approach has 
been to derive these two beams from a master diode laser and a high frequency acousto-optic 
modulator, and then to amplify these two beams using optical injection locking techniques. 
A key issue is whether the amplification process introduces low frequency phase noise. By 
driving the Cs clock transition in the classic Ramsey configuration, we characterized the 
phase noise in the 1 - 100 Hz band, and demonstrated that these sources can be used for 
precision measurements. 

We are presently seeking to improve both the short term and long term stability of the 
apparatus. There are three directions we will pursue to improve short term stability: (i) 
increased atom flux, (ii) improved wavepacket manipulation techniques and (iii) a longer 
apparatus. The increased signal-to-noise that comes with a higher atomic flux will improve 
overall sensitivity simply by allowing more accurate determination of the fringe center. An 
improved design of our atomic beam oven should provide us with a gain of ~10 4 in atomic 
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flux, improving the shot-noise limit by at least a factor of 100. (We are using resonance 
fluorescence to detect the atoms and our signal-to-noise is currently limited by photon shot- 
noise due to stray light from the fluorescent probe beam.) 

In making this improvement we have drawn on the experience of the Cs clock community. 
Our new oven design involves a combination of a recirculating ”dark-wall” tube, followed 
by a hot ” bright- wall” collimating section. This two stage design provides beam collimation 
sufficient to minimize contamination of the vacuum system due to background Cs atoms. 
Although higher brightness can be achieved using multi-channel nozzles, we feel that these 
gains would not significantly enhance the signal-to-noise, which will probably be limited by 
electronic technical noise at the 10 5 : 1 level. 

We are also exploring methods which increase the Sagnac phase shift A<f> by increasing 
the area A of the Sagnac loop. The most straightforward approach is simply to make the 
apparatus longer. Since gyroscope area scales with the length of the apparatus squared, a 
five-fold increase in length (from 2 m to 10 m) increases sensitivity by a factor of 25. Area 
can also be increased through improvements in the atom beamsplitters. We anticipate a gain 
of another factor of two by using higher order optical processes to manipulate the atomic 
wavepackets. 

To summarize this discussion of short term stability, we estimate the sensitivity which 
might be achieved if all three of the above ideas are successfully implemented. If we improve 
signal-to-noise to 10 s : 1 in 1 second, run with a higher order beamsplitter, and increase the 
length to 10 m, the short term stability will be 10 9 deg/\/hr or ~10 12 rad/sec/ \/Hz. 
On the other hand, a 0.5 m apparatus would have a ~ 5xl0~ 7 deg/\/hr sensitivity, opening 
the avenue to a compact portable unit. 

We also need to characterize and improve the long term drift. The current limit to long 
term stability is phase fluctuations of the Raman field induced by air currents. Although 
we have enclosed the beams in tubes to minimize this effect, we will further reduce the 
fluctuations by (i) reducing the propagation distance along certain key optical paths and 
(ii) having the beams propagate through a low vacuum enclosure. 
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Long term drift will also be improved through installation of a second, counter- 
propagating, atomic beam. This beam will be aligned to interact with the same set of 
wavepacket manipulation beams. The basic idea is that many systematic phase shifts do 
not depend on the velocity of the atoms. These shifts will cancel if the interference signals 
from both atomic beams are measured simultaneously and then subtracted. On the other 
hand, the Sagnac phase shifts reverse with velocity, hence will add in the common mode 
rejection processing. 

We can estimate the effectiveness of this procedure. Systematic phase shifts of the Raman 
light field which take place on a time scale comparable with the atoms transit time in the 
apparatus will not cancel. In our present set-up, the transit time is ~10 msec. Currently, 
air currents change the optical path length by A/10 in 10 sec (where A is the wavelength of 
the laser light used for the Raman transitions). The phase drift in the transit time, then, 
is roughly 8(f) ~ 2i rx 10~ 1 2 3 4 5 6 rad. This would amount to a systematic rotation error of ~7x 
10~ 9 rad/sec. Ultimately, we expect optical path length to be limited by the stability of the 
optical mounts used to steer the beams. One might expect this to approach A/ 10 in a day, 
perhaps better if room temperature is actively controlled. This would lead to a stability of 
~10~ 7 deg/hr or ~10~ 12 rad/sec. 
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Introduction: 

Telecommunication systems of spacecraft on deep space missions also function as 
instruments for Radio Science experiments. Radio scientists utilize the telecommunication 
links between spacecraft and Earth to examine very small changes in the phase/frequency, 
amplitude, and/or polarization of radio signals to investigate a host of physical phenomena 
in the solar system. Several missions augmented the radio communication system with an 
ultra-stable oscillator (USO) in order to provide a highly stable reference signal for one- 
way downlink. This configuration is used in order to enable better investigations of the 
atmospheres of the planets occulting the line-of-sight to the spacecraft; one-way 
communication was required and the transponders’ built-in auxiliary oscillators were 
neither sufficiently stable nor spectrally pure for the occultation experiments. Since Radio 
Science instrumentation is distributed between the spacecraft and the ground stations, the 
Deep Space Network (DSN) is also equipped to function as a world-class instrument for 
Radio Science research. For a detailed account of Radio Science experiments, 
methodology, key discoveries, and the DSN’s historical contribution to the field, see 
Asmar and Renzetti (1993). The tools of Radio Science can be and have also been utilized 
in addressing several mission engineering challenges; e.g., characterization of spacecraft 
nutation and anomalous motion, antenna calibrations, and communications during surface 
landing phases. 

Since the first quartz USO was flown on Voyager, the technology has advanced 
significantly, affording future missions higher sensitivity in reconstructing the temperature- 
pressure profiles of the atmospheres under study as well as other physical phenomena of 
interest to Radio Science. This paper surveys the trends in stability and spectral purity 
performance, design characteristics including size and mass, as well as cost and history of 
these clocks in space. 


Science Overview: 

Almost every deep space mission conducted successful Radio Science experiments, which 
are typically divided in two classes: propagation and celestial mechanics & gravitation. 
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resulting in hundreds of journal publications. Examples of these experiments include: 
planetary atmospheric temperature-pressure profiles and ionospheric composition, 
structure of planetary rings, planetary gravitational fields, shapes, and masses, planetary 
surface characteristics, wind profiles, magnetic fields, electron content and scintillation in 
solar corona and solar wind, mass flux and particle distribution of comets, search for 
gravitational radiation, gravitational redshift, and relativistic time-delay experiments. 

Stable one-way downlink is essential to propagation experiments, although several aspects 
can be accomplished via two-way coherent links, as well as to redshift and wind profile 
experiments. In addition to the completed experiments to date (e.g., Mariner(s), 
Pioneer(s), Voyager(s), Galileo, Ulysses, Magellan, etc.), there are important planned 
experiments on upcoming missions (e.g., Cassini-Huygens mission to Saturn and Titan), 
and possible future experiments with missions in the planning stages (e.g., Pluto Express, 
Rosetta, Discovery missions, etc.). For a list, see Asmar et. al. (1995). 


Instrumentation: 

The elements of the instrumentation required for Radio Science experiments vary in 
complexity depending on the sophistication of the experiments (Asmar and Kursinski, 
1991). They include transponders (which are available on every deep space mission 
although some missions have considered transceivers), an attitude control system that 
provides for a “quiet” spacecraft, an Ultra-Stable Oscillator, translators that are needed for 
coherent transmission of signals not used by the primary transponder (e.g., Ka-band for 
the Cassini mission), and uplink signal processing equipment for proposed uplink radio 
occultation experiments. 

With this instrumentation, the fundamental limits on sensitivity of the end-to-end system 
are the frequency stability, amplitude stability, signal to noise ratio, accuracy in 
reconstructing navigation trajectories, and media propagation effects. The frequency 
stability of the one-way link is typically limited by the performance of the USO. 


Ultra-Stable Oscillators: 

The “ultra-stable” class of oscillators have been flown on Voyager I and II, Galileo 
orbiter, Galileo Probe, Mars Observer, and Mars Global Surveyor. These have been 
quartz crystal resonators. The Cassini spacecraft will carry another quartz USO and two 
Rubidium USOs for the Huygens Probe in support of the Doppler Wind Experiment. 

There are plans to fly USOs on several other future missions. 

Needed to eliminate the time needed by the transponder to lock-up on the uplink during an 
occultation egress as well as the media effect on the uplink, USOs become the heart of the 
Radio Science instrumentation on-board the spacecraft. Quartz crystal resonators, 
relatively small in mass, volume, and power, have been easier to “space-qualify” than 
atomic clocks. The latter are also being considered for space flight. 
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The USO technology can be divided into these design classes: 

1. Voyager Class: includes Voyager I and II and Galileo orbiter 

2. Mars Class: Includes Mars Observer, Mars Global Surveyor, and Cassini 

3. Pluto Class 

4. Huygens Class 

5. Galileo Probe Class 

In the first class, five identical units were procured at the same time, two flew on the 
Voyagers, one on Galileo, and two were spares (Morabito et. al., 1993). In the second 
class, a flight unit and a spare were procured, one flew on Mars Observer and the 
refurbished spare flew on Mars Global Surveyor. A flight unit and a spare of a similar 
design were later procured for the Cassini mission. In the third class, a new “tactical 
BVA” design is proposed for flight on the Pluto Express mission; it shows significant 
reduction in mass and size without compromising the performance demonstrated by the 
Mars class (Norton and Cloeren, 1994). 

The Huygens Rubidium USOs were chosen over quartz due to the need for a very short 
warm-up time and less stringent long-term stability. The Galileo Probe USOs had similar 
requirements but were chosen to be quartz oscillators; insufficient documentation is 
available on them. In the case of both probes (Huygens and Galileo Probe), one USO was 
on the probe as part of its transmitter chain (e.g., the Huygens TUSO) and a second 
identical unit was on the orbiter (Cassini and Galileo) as part of the receiving chain of the 
orbiter signal (e.g., Huygens RUSO). 

The attached tabular summary of the Ultra-Stable Oscillator technology lists seven 
oscillators and several key parameters characterizing them, such as mass, size, power, 
performance measured by Allan deviation, phase noise, drift rates, environmental 
performance, etc. Cost information can be obtained from the providers. 

In addition to serving as a historical summary for interested managers, scientists, and 
engineers, the table has two key areas to note. The first is the major improvement in the 
stability between the Voyager and Mars class oscillators - an order of magnitude in Allan 
deviation. The second area is the significant miniaturization proposed for the Pluto class 
oscillator. 
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Voyager 

Galileo 

Mars Observer 

Maker 

Freq. Elect. Inc 

Freq. Elect. Inc 

APL 

Year 

1975 

1975 

1987 


AT 

AT 

SC 


2 

2 

1 

Mass (kg) 

1.1 

1.1 

1.3 

Steady-State Power Consum.(W) 

2.2 

2.2 

2.2 

Dimensions (cm LxWxH or DxL) 

10.2x19.5 

10.2x19.5 

10.2x10.2x16.8 


6.38 

6.38 

4.79 

Nominal Output Freq. (MHz) 

19.137 

19.125 

19.144 

Assigned Deep Space Channel 

18 

14 

20 

USG-refer. Downlink Bands 

S,X 

S,X 

X 

Drift Rate (Hz/sec) 

- 1.3 e -7 

- 1.5 e -7 

2.3 e -6 

Aging/24 Hr 

5 e -11 

5 e -11 

2e -11 


2e -7 

2e -7 

le-7 

Temperature (/deg C) 

5 e -12 

5 e -12 

3 e -12 

Radiation (/rad) 

2e-12 

2e -12 

1 e -10 

Magnetic Susceptibility (/Gauss) 

5 e -12 

5 e -12 

8e -13 

Static Acceleration (/g) 

le-9 

le-9 

3 e-9 

Harmonic Spur (dBc) 

-40 

-40 

-60 


-100 

-100 

-110 

Phase Noise 1® Hz 

-108 

-108 

-125 

Phase Noise 1®® Hz 

-118 

-118 

-131 

Phase Noise 1 kHz 

-138 

-138 

-131 

Allan Deviation at 0.1 sec 

(2 e -11) 


2 e -12 

Allan Dev. 1 sec 

3 e -11 

3 e -11 

3 e -13 

Allan Dev. 10 sec 

4e -12 

4e -12 

1 e -13 

Allan Dev. 100 sec 

1 e -12 

1 e -12 

1 e -13 

Allan Dev. 1000 sec 

1 e -12 

7 e -13 

2 e -13 


in-flight tests 

in-flight tests 

in-flight tests 

Notes: 

VGR 1& 2 identical 

differ from GLL probe 

MGS USO identical 


1997 



APL 


1993 


SC 


1 


2 


2.8 


10.2x12.8x19.4 


4.79 


114.917 


23 


S, X, Ka 


not avail. 


2 e -12 


1 e -10 


5 e -13 


1 e-9 


-60 


-85 


-110 


-120 


-125 


1 e -12 


2e -13 


1 e -13 


1 e -13 


1 e -13 


contract specs 


RFS&RHS 


APL 


1994 


SC 


1 


0.32 


0.8 


5.3x6.9x9.7 


-10 


38.262 


16 


X, Ka 


not avail. 


2e -11 


not avail 


1 e -12 


1 e -10 


2e -12 


1.5 e-9 


-50 


(- 112 ) 


(-117) 


(-127) 


(-132) 


1 e -12 


3 e -13 


1 e -13 


1 e -13 


2e -13 


proposal 


DAS A, Germany I (Hughes contract 


1993 


Rubidium 


2 


2.1 


10.4 


17x14.9x11.8 


6835 


10.00 


23 


S 


2 e-9 


4e -6 


4e -12 


2e -14 


5 e -11 


1 e -11 


-60 


-80 


-90 


-110 


-120 


6e -11 


1 e -11 


5 e -12 


1 e -12 


1 e -12 


contract specs 


-1975 


SC 


2 



4.6 


23.117 


n/a 


1.387 GHz 



3 e -12 


2e -13 


4e -12 


le-9 



Tactical BVA 2 e -10/ 15 min 


(le-10/30 min) 


(probe document) 


rad hard/shield 


































































































































































































A Xylophone Detector of Gravitational Radiation 

Massimo Tinto* 

Jet Propulsion Laboratory, California Institute of Technology 
Pasadena, California 91109 


Abstract 


We discuss spacecraft Doppler tracking searches for gravitational waves in which Doppler 
data recorded on the ground are linearly combined with Doppler measurements made on 
board a spacecraft. By using the four- link radio system first proposed by Vessot and 
Levine 1 , we describe a new method for removing from the combined data the frequency 
fluctuations due to the Earth troposphere, ionosphere, and mechanical vibrations of the 
antenna on the ground. This technique provides also a way for reducing by several orders of 
magnitude, at selected Fourier components, the frequency fluctuations due to other noise 
sources, such as the clock on board the spacecraft or the antenna and buffeting of the probe 
by nongravitational forces 2 . In this respect spacecraft Doppler tracking can be regarded 
as a xylophone detector of gravitational radiation. In the assumption of calibrating the 
frequency fluctuations induced by the interplanetary plasma, a strain sensitivity equal to 
4.7 x 10 -18 at 10~ 3 Hz is estimated. 

This experimental technique could be extended to other tests of the theory of rela- 
tivity, and to radio science experiments that rely on high-precision Doppler measurements. 

INTRODUCTION 

Searches for gravitational waves in the milliHertz frequency region, with interplane- 
tary spacecraft Doppler tracking data, have been performed over the past twenty years 4 ’ 5 . 
These Doppler observations suffer from noise sources that can be, at best, partially reduced 
or calibrated by implementing specialized and expensive hardware. The fundamental lim- 
itation is imposed by the frequency fluctuations inherent in the clocks referencing the 
microwave system. Current generation Hydrogen masers achieve their best performance 
at about 1000 seconds integration time with a fractional frequency stability of a few parts 
in 10~ 16 . This integration time is also comparable to the propagation time to spacecraft 
in the outer solar system. 

The frequency fluctuations induced by the intervening media have severely limited 
the sensitivities of these experiments. Among all the propagation noise sources, the tropo- 
sphere is the largest and the hardest to calibrate to a reasonably low level. Its frequency 
fluctuations have been estimated to be as large as 10 -13 at 1000 seconds integration time 6 . 

In order to systematically remove the frequency fluctuations due to the troposphere in 
the Doppler data, it was pointed out by Vessot and Levine 1 and Smarr et al. 7 that by adding 

* This work was performed at the Jet Propulsion Laboratory, California Institute of 
Technology, under contract with the National Aeronautics and Space Administration 
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to the spacecraft payload a highly stable frequency standard, a Doppler read-out system, 
and by utilizing a transponder at the ground antenna, one could make Doppler one-way 
(Earth-to-spacecraft, spacecraft-to-Earth) as well as two-way (spacecraft-Earth- spacecraft, 
Earth-spacecraft-Earth) measurements. This way of operation makes the Doppler link 
totally symmetric and allows the complete removal of the frequency fluctuations due to 
the Earth troposphere, ionosphere, and mechanical vibrations of the ground antenna by 
properly combining the Doppler data recorded on the ground with the data measured on 
the spacecraft. Their proposed scheme relied on the possibility of flying a Hydrogen maser 
on a dedicated mission. Although current designs of Hydrogen masers have demanding 
requirements in mass and power consumption, it seems very likely that by the beginning 
of the next century new space-qualified atomic clocks, with frequency stability of a few 
parts in 10 -16 at 1000 seconds integration time, will be available. They would provide a 
sensitivity gain of almost a factor of one thousand with respect to the best performance 
crystal-driven oscillators. Although this clearly would imply a great improvement in the 
technology of space-borne clocks, it would not allow us to reach a Doppler sensitivity 
better than a few parts in 10 -16 . This would be only a factor of five or ten better than 
the Doppler sensitivity expected to be achieved on the future Cassini project, a NASA 
mission to Saturn, which will take advantage of a high radio frequency link (32 GHz) in 
order to minimize the plasma noise, and will use a purposely built water vapor radiometer 
for calibrating up to eighty percent the frequency fluctuations due to the troposphere 8 . 

In this paper we adopt the radio link configuration first envisioned by Vessot and 
Levine 1 , but we combine the Doppler responses measured on board the spacecraft and on 
the ground in a different way, as it will be shown in the following sections. Furthermore 
our technique allows us to reduce by several orders of magnitude, at selected Fourier 
components, the noise due to the clock on board the spacecraft 2 . 

DOPPLER TRACKING AS A XYLOPHONE DETECTOR 

In Doppler tracking experiments a distant interplanetary spacecraft is monitored 
from Earth through a radio link, and the Earth and the spacecraft act as test particles. 
In a one-way operation a radio signal of nominal frequency Vq referenced to an onboard 
clock is transmitted to Earth, where it is compared to a signal referenced to a highly 
stable clock. In a two-way operation instead a radio signal of frequency uq is transmitted 
to the spacecraft, and coherently transponded back to Earth. In both configurations 
relative frequency changes Ais/vo as functions of time are measured, although only two- 
way data have been used so far in searches for gravitational waves because of relatively 
poor frequency stability of existing space-qualified clocks. 

If a Doppler readout system is added to the spacecraft radio instrumentation, and a 
transponder is installed at the ground station, one-way as well as two-way Doppler data 
can also be recorded on board the spacecraft 1 . If we assume the Earth clock and the 
onboard clock to be synchronized, then the one-way and two-way Doppler data measured 
at time t on the Earth (Ei(f), ^(t) respectively), and the one-way and two-way Doppler 
measured at the same time t on the spacecraft (S'i(t), S^t)), have the following rather 
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complete expressions 2 

/ 

El {t)=^-^- [h(t — (1 + n)L) - h(t )] + C sc (t — L) I— C E {t) + 

+ T(t) + B(t-L) + A sc (t — L) + EL El (t) + P El (t) , (1) 

E 2 (t) = - h(t) - IX h(t - (1 + H)L) + - 2 L) + 

"I - C E (t — 2L) — C E (t) "I - 2i?(f — L) -T T(f — 2L) -f- T'(f) -f- 

+ A E (t — 2L) + A sc (t — L) + TR sc (t — L) + EL E2 (t) + P E2 {t) > (2) 

Si(<) [h(t-L) - h(t-vL)] + C E (t — L) - C 3c (t) + 

+ T(t — L) + B{t) -j- A E (t — L) + ELs^t) + Ps^t) , (3) 

S 2 (t) = - h(t -/jlL) + n h(t - L) + ^ ~ ^ h(t -2 L- fiL) + 

z z 

+ C sc (t - 2 L) - C sc {t ) + 2 T(t - L) + B(t - 2 L) + B(t ) + 

+ A sc (t — 2L) + A E (t — L) -f TR E (t — L ) + ELs 2 (t) + Ps 2 {t ) , (4) 

where h(f) is equal to 


h(t) = h+(t) cos(2</>) + h x (t) sin(2</>) , 

and is the gravitational wave signal. In Eqs. (1-4) fj, is the cosine of the angle between the 
direction of propagation of the wave and the line of sight to the spacecraft, h+(t), h x {t ) 
are the wave’s two independent amplitudes referenced to a given set of axes defined in the 
plane of the wave, </> is the polar angle describing the projection of the direction to the 
spacecraft in the plane of the wave, and L is the distance to the spacecraft 5 (units in which 
the speed of light c = 1 ) 

In Eqs. (1-4) TR sc (t ) and TR E (t ) represent the noise due to the transponder on 
board and on the ground respectively, EL El (t), EL E2 (t), ELs 1 (t), and ELs 2 (t ) the noises 
from the electronics at the ground station and on the spacecraft in the one-way and two-way 
data, and P El (t), P E2 (t ), Ps 1 (t), and Ps 2 (t ) the frequency fluctuations due to the inter- 
planetary plasma. The plasma noise can be entirely calibrated by using dual frequencies 8,9 . 
The Doppler data Si(t) and S 2 (t) are then time tagged, and telemetered back to Earth in 
real time or at a later time during the mission. 

It is important to note the characteristic time signatures of the frequency fluctuations 
due to the Earth clock ( C E ), the onboard clock (C sc ), the spacecraft buffeting (J5), the 
troposphere, ionosphere, and mechanical vibrations of the ground antenna, (T), the Earth 
transmitter, (A E ), and the onboard amplifier (A 3C ) 2 . It was first pointed out by Vessot 
and Levine 1 that by properly combining some of the four Doppler data streams it was 
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possible to calibrate the frequency fluctuations of the troposphere, ionosphere, and ground 
antenna noise, T(t). Their pioneering work, however, left open the question on whether 
there existed some other, perhaps more complicated, linear combinations of the data that 
would further improve the sensitivity of Doppler tracking. In what follows we answer 
this question, and derive a method that allows us to uniquely identify an optimal way of 
combining the data. 

Let Ei(f) be the Fourier transform of the time series E\(t) 

/ +oo 

£,(<) e 2 "" dt , (5) 

-oo 

and similarly let us denote by E 2 (f), S \ (/), S 2 (f) the Fourier transforms of E 2 (t), 
and S 2 (t) respectively. The most general linear combination of the four Doppler data given 
in Eqs. (1, 2, 3, 4), can be written in the Fourier domain as follows: 

y(f) = a (f,L) E,{f) + b(f,L) E 2 (f ) + c(f,L ) sl(f) + d(f,L) S(/) , (6) 

where the coefficients a, 6, c, d are for the moment arbitrary functions of / and L. If we 
substitute in Eq. (6) the Fourier transforms of Eqs. (1, 2, 3, 4) we deduce the following 
expression 


y(f) 


f _ (!-/*) 

< a 

e 2nif(l+fi)L _ 1 

+ 6 

(A* 1) 2nif(l+ii)L | (l+AO c 45ri/£ 

l 2 

- 


2 r “ '2 


+ c 


(1 + n) 


[' 


,2-KifL 


JlniftiL 


+ d 


(t 1 + !) e 2niffiL _|_ e 2nifL 
2 


+ 0—A g27ri/(2+/i)i 


Hf) 


+ Csif) [-a + b (e^ L - 1) + c e 2 * ifL ] 

+ C7c(f ) [a e 2 ” ifL - c + d (e 4 ^ L - 1)] 

+ f (/) [a + b {e inifL + 1) + c e 2nifL + 2d e 2 * ifL ] 

+ B(f) [a e 2nifL + 26 e 2nifL + c + d (e inifL + 1)] 

+ As{f) [6 e 4nifL + c e 2nifL + d e 2nifL ] 

+ AZ(f) [a e 2nifL + b e 2 * ifL + d e inifL ] 

+ a[ET El (f) + P^(/)] + b[TR ac (f) e 2 ^ L + EL^J ) + P^(/)] 
+ c[EL Sl (f) + P£{f)\ + d {TR E {f) e 2 * ifL + ELsAf ) + ^(/)] 


(7) 


The four coefficients a, 6,^_c, d, can be determined byjrequiringjihe transfer functions 
of the random processes C E (f), C ac {f), T(f ), B(f ), A E (f), A ac (f ) in Eq. (7) to be 
simultaneously equal to zero, and by further checking that each solution gives a non-zero 
gravitational wave signal in the corresponding combined data. This condition implies that 
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a , b, c, d must satisfy a homogeneous linear system of six equations in four unknowns. 
We calculated the rank of the (6 x 4) matrix associated with this linear system by using 
the algebraic computer language Mathematica, and we found it to be equal to two. The 
corresponding solution can be written in the following way 

a (f,L) = c(f,L) e- 2 "‘f L - d(f,L) [e 2 ’‘f L - e~ 2 "f L ] 

b(f, V) = - dj, L ) - d(f, L) e- 2 ”l L , (8) 


where c and d can be any arbitrary complex functions not simultaneously equal to zero. If 
we substitute Eq. (8) into Eq. (7) however, we find that the gravitational wave signal, in 
the combined Doppler data, also vanishes. In other words, any linear combination of the 
four Doppler data that does not contain any clocks, troposphere, ionosphere, mechanical 
vibrations of the ground antenna, buffeting of the spacecraft, and transmitters noise, has 
a null response to a gravitational wave pulse. These results imply that, at any Fourier 
frequency /, we can remove only one of the considered noise sources. Among all the 
noise sources affecting spacecraft Doppler tracking, the frequency fluctuations due to the 
troposphere, ionosphere, and mechanical vibrations of the ground antenna, T(/), are the 
largest. If we choose a, b , c, d in such a way that the transfer function of T(f ) in the 
combined data is equal to zero, from Eq. (7) we find that a, b, c, d, must satisfy the 
following condition 

a(/,L) = - b(f,L) [e^ L + l] - c(f,L) e 2 ^ L - 2 d(/,L) e 2 * ifL . (9) 


Since b, c, d can not be equal to zero simultaneously, we will choose c to be equal to 1/2, 
and 6, d to be equal to zero. In other words we will consider only linear combinations of 
one-way Doppler data. Note that with this choice we eliminate from the combined data 
y(t) the frequency fluctuations due to the transponders and the interplanetary plasma that 
affect the two-way Doppler data. These considerations imply the following expression for 

y(f ) 



Si(f) - E 1 (f ) e 2nifL ' . 


(10) 


If we substitute the Fourier transforms of Eqs. (1,3) into Eq. (10) we get 


y(f ) 


0 2nifL 


1 _ (- 1 - + ^) e 2irif(n—l)L e 2nif(n+l)L 


Hf ) 


+ C E (S) e 2 " fL - i C„(/) [e 4 "' 1 + 1] + i B(f) [1 - e 4 "' 1 ] 


,2 m fL 


_ 

H 2 A-E(f) - A sc (f ) 


J2mfL 


1 

+ 2 


PsAf) - PeM) « 


2nifL 1 


+ 2 


EL St (f) - EL Bl (f) e 


2 nifL 


(ii) 


Eq. (11) shows that the transfer functions of the noise of the onboard clock, C sc (/), 
and of buffeting B(f ), can in principle be set to zero (not simultaneously) at specific 
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Fourier frequencies. Let 8 be the time interval over which a Doppler tracking search for 
gravitational waves is performed. The corresponding frequency resolution Af of the data 
is equal to 1/8. This implies that the fluctuations of the clock on board can be minimized 
at the following frequencies 


fk 


(2k -1) Af _ 
4 L 2 ’ 


k = 1,2, 3, .... 


( 12 ) 


We should point out, however, that these resonant frequencies in general will not be con- 
stant, since the distance to the spacecraft will change over a time interval of forty days. 
As an example, however, let us assume again L = 1 AU, 8 = 40 days, and / = 5 x 10~ 4 
Hz. The variation in spacecraft distance corresponding to a frequency change equal to the 
width of the resolution bin (3 x 10 -7 Hz) is equal to 1.0 X 10 5 km. Trajectory configura- 
tions fulfilling a requirement compatible to the one just derived have been observed during 
past spacecraft missions 10 , and therefore we do not expect this to be a limiting factor. 

At these frequencies, and to first order in Af L, the Doppler response y(fk ) is equal to 


v(h) ~r, (-1)* [-!+•!< (-1)*] Ilf) ± (xiAfL) C7 c (f t ) 

+ ; (-1)‘ +1 Cb(M + B(fk) + i [ELsAM - iELEAh) (-1)‘ +1 ] 

+ 5 < P^Ah) (- i) l+1 ] + | pMA) + i (-i )‘ +1 -(13) 


For a typical gravitational wave experiment, 8 = 40 days, and Af — 3.0 x 10 -7 . Therefore 
the frequency fluctuations of a clock on board a spacecraft that is out to 1 AU are reduced 
at the xylophone frequencies by the following amount: 


ttA fL 

c 


x 10~ 4 . 


EXPECTED XYLOPHONE SENSITIVITIES 

From Eq. (13) we can estimate the expected root-mean-squared (r.m.s.) noise level 
cr(fk) of the frequency fluctuations in the bins of width A/, around the frequencies fk ( k = 
1,2,3, ....). This is given by the following expression 

<t(A) = is,(h) A /] 1/2 , k = 1,2,3, (14) 

where S y (fk ) is the one-sided power spectral density of the noise sources in the Doppler 
response y(t ) at the frequency fk- We will assume that the random processes representing 
the noise sources affecting the combined response (Eq. (13)) are uncorrelated with each 
other, and their one-sided power spectral densities are as given in Tinto 2 . In that reference 
a frequency stability of 1.0 x 10" 16 at 1000 seconds integration time for the clock at the 
ground station was assumed. Although this is a factor of four better than what has 
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been measured so far 8 , it seems very likely that by the beginning of next century such a 
sensitivity can be achieved. As far as the remaining sensitivity figures used in our estimate 
are concerned, they were obtained from the Riley et al. report 8 . This document is a 
summary of a detailed study, performed jointly by scientists and engineers of NASA’s Jet 
Propulsion Laboratory and the Italian Space Agency (ASI) Alenia Spazio, for assessing 
the magnitude and spectral characteristics of the noise sources that will determine the 
Doppler sensitivity of the future gravitational wave experiment on the Cassini mission. 

If dual radio frequencies in the uplink and downlink are used, then the frequency 
fluctuations due to the interplanetary plasma can be entirely removed 8,9 . We will refer 
to this configuration as MODE I. If only one frequency is adopted instead, which we will 
assume to be Ka-Band (32 GHz), we will refer to this configuration as MODE II. Ka-Band 
is planned to be used on most of the forthcoming NASA missions, and will be implemented 
on the ground antennas of the Deep Space Network (DSN) by the year 1999 for the Cassini 
mission. 

The r.m.s. cr{fk) of the noise as a function of the frequencies /& ( k = 1,2, 3, ....), 
assuming that an interplanetary spacecraft is out to a distance L — 1.0 AU, has been 
estimated by Tinto 2 . For this configuration the fundamental frequency of the xylophone 
(Eq. (12)) is equal to 5.0 x 10 -4 Hz. A complete analysis covering configurations with 
spacecraft at several other distances is also given in reference [2]. 

The MODE I configuration is represented in reference [2] by two curves, depending 
on whether an atomic clock or an Ultra Stable Oscillator (USO) is operated on board the 
spacecraft. Sensitivity curves for the MODE II configuration are also included in that 
reference, again with an atomic clock on board or a USO. The best sensitivity is achieved 
in the MODE I configuration, regardless of whether an atomic clock or a USO is operated 
on board the spacecraft. This is because the amplitude of the noise of the clock onboard 
is reduced by a factor nAfL/c = 4.7 x 10 -4 at the xylophone frequencies. At / = 10~" 3 
Hz the corresponding r.m.s. noise level is equal to 4.7 X 10~ 18 , and it increases to a value 
of 5.7 x 10~ 18 at / = 10 -2 Hz. As far as the MODE II configuration is concerned, the 
r.m.s. noise level is equal to 7.9 x 10 18 at /= 10 3 Hz, while it decreases to 6.3 x 10 18 
at / = 10 -2 Hz. This is due to the fact that the one-sided power spectral density of the 
fractional frequency fluctuations due to the interplanetary plasma 11 decays as /~ 2 / 3 . 

CONCLUSIONS 

We have discussed a method for significantly increasing the sensitivity of Doppler 
tracking experiments aimed at the detection of gravitational waves. The main result of 
our analysis, deduced in Eq. (13), shows that by flying a frequency reference and by adding 
a Doppler extractor on board the spacecraft and a transponder at the DSN antenna, we 
can achieve at selected Fourier components a strain sensitivity of 4.7 x 10 -18 . This 
sensitivity figure is obtained by completely removing the frequency fluctuations due to the 
interplanetary plasma, at a Fourier frequency equal to 10~ 3 Hz. Our method relies on a 
properly chosen linear combination of the one-way Doppler data recorded on board with 
those measured on the ground. It allows us to remove entirely the frequency fluctuations 
due to the troposphere, ionosphere, and antenna mechanical, and for a spacecraft that is 
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tracked for forty days out to 1 AU it reduces by almost four orders of magnitude the noise 
due to the onboard clock. 

The experimental technique presented in this paper can be extended to a configura- 
tion with two spacecraft tracking each other through a microwave or a laser link 3 . Future 
space-based laser interferometric detectors of gravitational waves 12 , for instance, could im- 
plement this technique as a backup option, if failure of some of their components would 
make the normal interferometric operation impossible. 

As a final note, a method similar to the one presented can be used in all those radio 
science experiments in which one-way and two-way spacecraft Doppler measurements are 
used as primary data set. We will analyze the implications of the sensitivity improve- 
ments that this technique will provide for direct measurements of quantities such as the 
gravitational red shift, possible anisotropy in the velocity of light, the Parameterized Post- 
Newtonian parameters, the deflection and time delay by the sun in radio signals, and 
occultation experiments. 
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Clock Requirements for Gamma-Ray Burst Localization Experiments 
Dave Van Buren, California Institute of Technology 

Abstract. Precise localization of gamma-ray bursts requires accurate timing information. A fea- 
sible space experiment places a number of detectors in the inner solar system with AU separations. 
To attain arcsecond positions, clock accuracy must be held to 1 millisecond. Mission costs are 
significantly reduced if the clock drift can be held to 1 millisecond over the entire mission, i.e. for 
several years. 

Gamma-ray Bursts 

Gamma-ray bursts are intense impulsive radiative events taking place outside our solar system with 
a rate of once per day at the detection limit of current experiments. If located at cosmological 
distances, a distinct possibility, then they are the most energetic events known in the Universe. 
Their properties have been the subject of study and debate for nearly three decades, since their 
discovery by satellites monitoring the nuclear test ban treaty. For an early discussion, see Ruderman 
(1975). A set of good recent reviews are available on the Web by Fishman (1995), Paczynski (1995), 
and Lamb (1995) which lay out the open issues. 

There is strong consensus that the most important question to be answered is what are the 
objects responsible for gamma ray bursts. Attempts to associate various classes of objects using 
the rather large error regions currently available have all met with failure. These error regions are 
so large that even the smallest have thousands of objects contained within their boundaries in the 
deepest images. Progress requires narrowing the error regions to the arcsecond scale, a scale so 
small that only a single astrophysical object is likely to be present. 

Localization via Timing 

Arrival directions for gamma ray events are most accurately determined via time of arrival analysis 
of the wavefront at widely dispersed detectors. Aperture masking techniques can also give modest 
directional information over limited fields of view. In a timing experiment, the delays in arrival 
time between different detectors at different positions constrain the location on the sky. A single 
time of arrival of course contains no position information. A pair, yielding a single delay gives 
as allowed positions all points on the circle marking the intersection of a cone with the celestial 
sphere. The axis of the cone is oriented along the displacement vector between the two spacecraft. 
The circle becomes a band of some width when timing uncertainties are taken into account. Two 
pairs, from three detectors give a pair of intersecting bands, which yield a 2-fold ambiguity for the 
source position. Four non-coplan ar detectors are needed to give a single simply-connected error 
region on the sky. 

Clock Requirements 

The fastest time scales t observed in gamma ray bursts are about 1 millisecond. To attain an 
angular accuracy d6 over a detector array with linear extent L needs clocks good to 

dt d6 L 

= 0.4 

1 ms 1 arcsec 1 AU 

Detectability considerations require that sufficient gamma rays are counted to accurately determine 
the event timing, leading to very large detectors for L corresponding to earth-orbiting arrays, and 
small “pop-can” detectors for a mission to the edge of the solar system. For 1 millisecond timing 
resolution, one requires detector areas of several hundred cm 2 and 1 AU, which can be packaged 
into a 20 kg spacecraft, i.e. a very attractive experiment cost- wise. This mass is chosen so that to 
first order the spacecraft serves the needs of the detector, rather than the clock. 
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An experiment of this kind would yield arcsecond positions of one to a few bursts per month 
once the array is deployed to L = 1 AU. It takes some time to get to this size though, depending 
on the velocity imparted by each spacecraft’s final stage. To remain in earth-like orbits around the 
sun for thermal and telecommunications reasons requires a relatively small kick, giving deployment 
times of about 1 year. This puts a stability requirement on the clock of drifts less than 10 -11 over 
a course of a several year mission life. 

Another requirement comes from the small spacecraft size. A 20 kg spacecraft will have a 
limited area available for solar panels to generate power unless costly panel deployment schemes 
are employed. Much of the power budget will be required for the telecommunications system to 
get the data to the ground, detectors and CPU, leaving little left over for the clock. Out of perhaps 
10 W of power, only 1 W will be available for the clock. 

Also flowing down from the need for a small spacecraft is the requirement of small clock mass. 
The clock must be less than 1 kg. 

Exceeding these performance numbers will yield the following benefits: increased stability will 
help achieve more precise positions, the solid angle goes as dt 2 ; reducing the power requirement 
will allow slightly longer baselines to be achieved via larger orbits which carry the spacecraft to 
regions of lower solar illumination; lower mass clocks marginally improve the experiment by either 
achieving slightly larger L, or by slightly increasing the detector sensitivity by making them a bit 
larger. In the latter regard, note that the next generation of detectors themselves will provide a 
performance per unit mass improvement of a factor of 2-5, making a small savings in clock mass 
potentially translate to a large gain in detector area for the same total package mass. 

Once the quoted requirements are met, improvements in clock stability will give the most 
benefit since the clocks are already minor components of the mass and power budgets. One can 
anticipate the availability of space qualifiable clocks with these properties in the near term, enabling 
a gamma-ray burst localization experiment of unprecedented accuracy to be undertaken for low 
cost. 
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Abstract. The Doppler Wind Experiment (DWE) is one of six investigations to be per- 
formed during the Titan atmospheric descent of the ESA Huygens Probe. The primary 
scientific objective is to measure the direction and strength of Titan’s zonal winds with an 
accuracy better than 1 ms -1 . The Probe’s wind-induced horizontal motion will be derived 
from the residual Doppler shift of its S-band radio link to the Cassini Orbiter, corrected 
for all known orbit and propagation effects, from the beginning of the mission (altitude: 
~160 km) down to impact on the surface. The DWE Instrumentation consists of Rb-based 
Ultra-Stable Oscillators used to (a) generate the transmitted signal from the Probe and 
(b) extract the frequency of the received signal on the Orbiter. The capabilities of these 
USOs under the rugged experimental conditions on Titan and some results from the DWE 
pre-launch test program are described. 


1 Introduction 

The Doppler Wind Experiment (DWE) of the Huygens Mission is a radio tracking inves- 
tigation designed to measure wind velocities in the atmosphere of Saturn’s m,oon Titan 
(Atkinson et al., 1990; Bird et al . , 1997). A similar experiment under considerably more 
severe environmental conditions was performed with the Galileo Probe at Jupiter (Pollack 
et al., 1992; Atkinson et al., 1996). The primary scientific objective of DWE is a height 
profile of the zonal (east-west) wind speeds as deduced from the Doppler shift of the Probe’s 
radio signal to the Cassini Orbiter. As with the Galileo Probe descent at Jupiter (Folkner 
et al., 1996), prospects are good that additional measurements to obtain an additional ' 
wind component can be recorded at a large ground-based radio telescope. Upon applying 
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corrections for the motion of the Orbiter and the Probe descent velocity, it is estimated 
that the horizontal drift due to winds can be measured to a precision better than 1 m/s. 
Radio propagation effects on the received frequency can be shown to be negligible for the 
Huygens DWE geometry (Bird, 1997). Measurements commence upon establishment of 
the link shortly after parachute deployment at a nominal altitude (~160 km) and continue 
for at least 135±15 minutes until touchdown on Titan. Although post-impact survival of 
the Probe is not guaranteed, the special Huygens receivers on the Orbiter will continue to 
monitor a possible Probe broadcast from Titan’s surface for a minimum of 30 minutes. 

Specific secondary science objectives of DWE include measurements of: (a) Doppler 
fluctuations to determine the turbulence spectrum and possible wave activity in the Titan 
atmosphere; (b) Doppler and signal level modulation to monitor Probe descent dynamics 
(e.g., spin rate, spin phase, parachute swing); (c) Probe coordinates and orientation during 
descent and after impact on Titan. DWE will complement remote-sensing observations of 
temperatures and winds from the Cassini Orbiter, providing “ground truth” for the zonal 
wind retrievals from the Composite Infrared Spectrometer (CIRS) experiment. 

A potentially severe constraint on the accuracy of the DWE wind measurement is the 
stability of the oscillators used to generate the radio signal on the Probe and receive it on 
the Orbiter. The required long-term frequency drift stability ( 8f/f ,$ 2 • 10~ 10 => 5 f 0.4 
Hz at S-band) is expected to be met by using rubidium-based ultrastable oscillators in both 
the transmitter (TUSO) and receiver (RUSO). 

The present paper summarizes the science objectives and the planning/execution of the 
DWE investigation. This is followed by a short description of the DWE-instrumentation 
and its development within the context of the Huygens pre-launch test program. More 
information about DWE may be found in Bird et al. (1997). 


2 Titan winds: A brief overview 

Our only previous close look at Titan’s atmosphere was during the Voyager 1 flyby on 
November 12, 1980. Doppler tracking data collected during Earth occupation were used 
to derive Titan’s vertical temperature-pressure curve (Lindal et al, 1983) that indicated a 
surface temperature of 97±7K. The temperature was seen to decrease with altitude to a 
minimum of ~70 K at the tropopause near 40 km (weak greenhouse effect). 

The featureless orange-brown haze of the upper atmosphere prevented surface observa- 
tions at optical wavelengths. Motions of purported methane clouds in the lower atmosphere 
were thus not available for inferring atmospheric circulation. Indirect evidence for strong 
zonal winds, however, was the temperature difference from pole to equator derived from 
infrared observations (Flasar et al. 1981). Requiring conservation of angular momentum, 
any gradient in latitudinal temperature must be accompanied by bulk motion in the zonal 
direction. Flasar et al. (1981) suggested that the zonal wind would increase monotonically 
with height, approaching values ~100 m/s in the upper stratosphere at mid-latitudes near 
200 km. Ironically, the simple theory can be satisfied by winds blowing either west-to-east 
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(prograde: in the direction of Titan’s rotation) or east-to-west (retrograde). Even stronger 
winds would be attained at lower latitudes. A recent review of evidence supporting the 
existence of Titan’s zonal winds has been published by Flasar et al. (1997). 

The hypothesized zonal flow on Titan, however, is still a fundamental enigma in the 
theory of atmospheric dynamics. The meridional and vertical winds, although thought to 
be much weaker, are also unknown. Only recently have general circulation models (GCMs) 
been adapted to studies of atmospheric superrotation on Titan (Del Genio et al., 1993; 
Hourdin et al, 1995). The picture becomes even less clear at heights within the planetary 
boundary layer (~5 km), where surface effects can rotate and shear the mean flow. 

Some independent evidence for winds on Titan has emerged from recent Earth-based 
observations. Hubbard et al. (1993) reported photometric measurements of optical limb 
extinction during Titan’s occupation by a relatively bright star. The observations could be 
explained in terms of a nonspherical atmosphere, implying zonal winds ranging from 80 m/s 
to 170 m/s at an altitude near 250 km. Infrared heterodyne observations of Titan’s 12 fim 
ethane emission, originating from heights near 200 km, indicate that the winds are prograde 
and have speeds of the order of 80 m/s (Kostiuk et al. 1997). Finally, near-infrared images 
of Titan obtained with the refurbished planetary camera (WF /PC2) of the Hubble Space 
Telescope (Lorenz et al., 1995; Smith et al., 1996) have been closely examined for cloud 
motions. Unfortunately, the quest has been thus far unsuccessful. 


3 DWE Planning and Execution 

Geometry was an essential element in designing the DWE. The Huygens descent mission on 
Titan is presently scheduled to occur on 27 November 2004, about five months after Cassini 
arrives at Saturn and seven years after launch. Approximately 22 days prior to its mission, 
the Probe is separated from the Orbiter and targeted for entry into Titan’s atmosphere. 
The Orbiter then performs a deflection maneuver into a trajectory that delays its arrival by 
about four hours and misses the Titan surface by 1500 km. 

The Probe is decelerated at atmospheric entry up to a maximum of 16.1 g at an altitude 
near 250 km. Parachute deployment at a speed near Mach 1.5 marks the start of the descent 
phase (time = t 0 ). A smaller drogue parachute is deployed at to + 15 minutes in order to 
decrease the descent time. The radio link to the Orbiter is established by to + 150 s. 

It was originally planned to target the Probe to a location near Titan’s central meridian 
as viewed from the approaching Orbiter. This resulted in an unfavorable DWE geometry 
because of the extremely small east/west projection on the line-of-sight to the Orbiter. 
The effective Doppler shift from the zonal drift would thus be too small to be measured. 
After considerable negotiation, it was decided to move the target about 700 km to the east 
while retaining the same atmospheric entry angle. The present nominal target position is 
latitude 18°N, longitude 152°W, for which the mean angle between the line-of-sight and the 
zonal direction during the Huygens mission will be 64°. The targeting errors about this 
nominal position are ±452 km in longitude and ±59 km in latitude. The new entry site also 
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improves the experimental geometry for coordinated Doppler measurements along the two 
lines-of-sight from Probe-to-Orbiter and Probe-to-Earth, respectively. The horizontal wind 
projections for these two viewing directions are now separated by ~20°. A prograde zonal 
wind would shift the Probe’s final touchdown site to the east of its atmospheric injection 
point, thereby improving the Doppler projection. 


4 DWE Instrumentation 


4.1 End-to-end design 

Of the six Huygens investigations, DWE is the only one with instrumentation on both 
the Probe and Orbiter (in the Probe Support Equipment-PSE) . The DWE experimental 
configuration is shown in Fig. 1. 


DWE End-to-End Block Diagram 



Figure 1: DWE experiment configuration [reprinted from Bird et al., 1997]. 

The DWE-TUSO is used to generate the radio signal of chain A (Tx A). An internal 
TCXO oscillator serves as back-up in the event of a TUSO failure. The eventual decision 
to use the TUSO or its backup will be taken a few days prior to Probe-Orbiter separation. 
The TUSO output frequency at 10 MHz is multiplied by 204 to S-band and transmitted 
to the dedicated Probe receiver (Rx A) in the PSE on the Orbiter. The semiannual cruise 
checkouts can be conducted with the radio frequency built-in-test equipment (RF-BITE) 
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across the Umbilical Separation Mechanism (USM). At Titan the signal is amplified for 
free-space transmission via the Probe Antenna (PTA) to the Orbiter’s HGA. 

Timing and signal generation for Rx A are controlled by the DWE-RUSO. In order to 
maintain interchangeability, the RUSO was fabricated as an exact clone of the TUSO. Con- 
sistent with the Probe strategy, an integrated TCXO can be substituted for the RUSO if 
needed. The phase-locked loop control in Rx A is monitored by a numerically controlled os- 
cillator (NCO), the output of which is recorded to provide the DWE frequency measurement 
at a sample rate of 8 Hz. The signal level (AGC) is monitored in parallel at the same sample 
rate. In addition to these DWE “science data”, temperatures and internal lock status of 
TUSO and RUSO are recorded as housekeeping data. 

The TUSO will be powered well in advance of the start of transmission from the Probe 
(~30 minute head start) , in order to warm up and achieve the required frequency stability. 
The RUSO will be switched on even earlier, together with the rest of the PSE on the Orbiter. 

4.2 Transmitter and Receiver USO programs 

The DWE ultrastable oscillators, the first rubidium oscillators used in a deep space mission, 
were developed and constructed by Daimler-Benz Aerospace (DAS A), Satellite Systems 
Division, Ottobrunn, Germany. The key ingredient of the DASA design concept is the Rb- 
resonator in a “physics package” supplied by Efratom Elektronik GmbH. The final flight 
model (FM) units, a TUSO, a RUSO and a spare, were delivered to the Huygens Probe FM 
test program in early 1996. 

The DWE USOs must survive the Cassini/Huygens launch, cruise phase, and atmo- 
spheric entry/descent on Titan. In addition to the required fast warm-up time, another 
major driver in the selection of a rubidium USO was the high level of mechanical loads 
during the Huygens entry phase. The frequency stability required in the DWE instrument 
specification (<5/ 0 // 0 < 2-10 -10 , / 0 = nominal output frequency) could not be guaranteed 
with a state-of-the-art quartz oscillator. It was feared that the continuously changing me- 
chanical stresses at entry and the following variation in pressure from one millibar to the 
surface pressure of 1.5 bar could cause deformation of the internal quartz fastening system 
and produce nonreproducible frequency offsets and relaxation curves. A rubidium oscillator 
is much less susceptible to these effects because the nominal output frequency is locked to 
the very stable frequency of the rubidium ground-state hyperfine transition. 

A block diagram of the USO unit is shown in Fig. 2. The USO consists of the Physics 
Package (rubidium resonance cell and lamp) and printed circuit boards integrated into an 
aluminium box (Faraday cage). Starting at upper left and moving clockwise in Fig. 2, the 
separate elements are: (i) Lamp Board: controls power and heating for the Rb lamp. (**) 
Physics Package: consists of the Rb lamp, Rb resonance cell and sc-cut quartz crystal, 
the temperatures of which are monitored by three analogue sensors, (in) Oscillator Board: 
provides the 10 MHz output via VCXO quartz through a buffer amplifier. ( iv ) Servo Board: 
generates the error signal for the VCXO from the photocurrent of the Physics Package and 
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provides a telemetry lock indicator when the output is phase-locked to the Rb resonance 
frequency, (v) Synthesizer Board: upconverts the output signal from the VCXO to the Rb 
resonance frequency. ( vi ) DC/DC converter: converts external supply voltages of 28/30 V 
(TUSO/RUSO) to 5 V and 17 V. 

DWE-USO Block Diagram 


[ 


Lamp Heater 
Control 



TM Lamp Temp. 

_)► TM Cell &Xtal 
Temp 

“^TM Lock Status 
10 MHz Output 


Figure 2: DWE-USO block diagram [reprinted from Bird et al . , 1997]. 


The actual physical and electrical characteristics of the DWE-USO, as determined during 
the extensive qualification test program at unit level, are. presented in Table 1. The expected 
decreases in USO steady-state power consumption and warm-up time (until Rb-lock) with 
increasing ambient temperature are illustrated in Fig. 3. 

The USO long-term frequency drift stability requirement of 5fo/ fo < 1.4-10 -9 (i.e., the 
specified frequency deviation over the longest possible mission time of 3 hours) is critical 
for a successful wind measurement. This figure of stability was determined during the 
qualification test program over an expanded range of temperatures (—30° < T < 60°) in 
vacuum (0.1 mbar) and ambient pressure. The original USO specification of £/o//o < 2-10" 10 
could be met only over a more restricted range of temperature (—20° < T < 40°). Even 
for the somewhat degraded USO performance, however, the maximum measurement error 
of the line-of-sight velocity due to intrinsic USO stability will still be only about ±40 cm/s 
over the entire Huygens mission. This error is of the order of the errors expected from 
uncertainties in the reconstructed trajectories. 
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Table 1: DWE-USO physical and electrical characteristics 


Physical parameters 
Mass [g] 

Dimensions [mm] 

1898±2 

170x117x119 

radiation shielding: 150 g 
(LxWxH) 

Frequency parameters 
Output Frequency [MHz] 
Frequency long-term drift 
Allan variation 

10 

1.4-10 -9 

3-10 -11 

±0.1 Hz 

Sf 0 /f 0 over 3 hours 
r = 1 s 


6-10 -12 

r = 10 s 

Phase Noise [dBc/Hz] 

< -75 

< -110 

df = 1 Hz 
df — 10 Hz 


< -130 

df = 100 Hz 

Signal level/ Waveform 
Output Signal Level [dBm] 
harmonics [dBc] 

Spurious signals [dBc] 
Return loss [dB] 

0±2 

< -45,-36 
< -60 
< -30 

into 50 Q, impedance 
2 nd , 3 rd , respectively 
up to 50 MHz 
50 Q impedance 

DC Power 



Supply Voltage [V] 
Warm-up Power [W] 
DC current [mA] 

<)o+0.35 /ori+1.5 
zo -0.63/ t3U -3.38 

< 18.4 

< 675 

TUSO / RUSO 
< 40 min (Fig. 3) 
System limit: 0.7 A 

Energy [Wh] 

< 32.5 

worst case (min temp) 


4.3 USO Performance during System Flight Model Tests 

A discussion of the unit level and engineering model test programs was given in Bird et al. 
(1997). An example from the Huygens flight model program is presented here. 

The Huygens radio signal frequency recorded by the NCO in Rx A during the first 
FM Integrated System Test is shown as a function of time from start of test in the upper 
panel of Fig. 4. The first part of the test was performed using the internal TCXOs in the 
transmitter/receiver chain A. The TUSO/RUSO combination was switched from standby 
to operation at the time t ~ 104 min. The characteristics of the received frequency change 
at this point from a series of discontinuous jumps and unpredictable drifts to a stable value 
near the zero line (nominal for check-out mode with no Doppler shift). The lower panel of 
Fig. 4 shows a 30-minute interval of the upper trace on an expanded scale. The individual 
points are single measurements recorded at the sample rate of 8 Hz. The digitization of 
these measurements (A/ ~ 0.15 Hz, corresponding to ~2 cm/s) is apparent in the discrete 
levels of this point cluster. The solid line is a running average over 80 continuous points 
(10 sec). The standard deviations of the two traces are 2.8 Hz and 0.29 Hz, respectively, 
consistent with the 80-fold increase in integration time. 
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Figure 3: DWE-USO steady-state power consumption (solid circles) and warm-up time to 
internal lock (open circles) as a function of ambient temperature. The solid and dashed 
lines are quadratic least-squares fits to the solid and open circles, respectively. 


5 Conclusions 


The main scientific goal of the Huygens Doppler Wind Experiment is to determine the 
velocity of Titan’s horizontal winds at heights 0-160 km from frequency measurements of 
the Probe’s radio signal recorded on the Orbiter. Similar Earth-based observations will 
be recorded in order to separate meridional from zonal drift motion. Adequate frequency 
stability is attained by using rubidium ultrastable oscillators to generate the transmitted 
signal and drive the electronics of the monitoring receiver. Final trajectory reconstruction 
and analysis of Probe dynamics using DWE data will provide valuable ancillary information 
that should enhance the overall scientific yield of the Huygens Mission. 
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Figure 4: Frequency measurements of Huygens radio signal during first Integrated System 
Test. Upper panel: Comparison TCXO vs. TUSO/RUSO. The radio subsystem was driven 
by ordinary oscillators (TCXOs) except for the interval from approximately 104 to 169 
min. after start, during which time the driver function was switched to the TUSO/RUSO 
combination. Lower panel: High-resolution plot showing DWE frequency measurement 
accuracy at integration times of 0.125 s (point cluster) and 10 s (solid line). 
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Limits to the Stability of Phase Transfer from Ground to Space 

by 

Roger P. Linfield 

Jet Propulsion Laboratory, California Institute of Technology 


ABSTRACT 

An alternative to having a primary frequency standard on board a spacecraft is to phase 
lock a simple oscillator on the spacecraft to a microwave tone transmitted from the ground. 
The received tone is transponded and rebroadcast to the ground. The round trip phase is 
measured, and used to correct for effects on time scales longer than the round trip light 
travel time. This method is used with the TDRSS relay satellites, and will be used for the 
Japanese space VLBI mission VSOP. There are several sources of error introduced by this 
process. 

The most important error source is a loss of the on board standard for all times that the 
satellite is out of contact with a ground tracking station. The fractional loss will be > 10% 
for almost any orbit, even with a network of several ground tracking stations, and it will 
be considerably worse for a low earth orbit. Only a geostationary orbit can eliminate this 
problem. 

Another error source is connected to the previous one. Round trip phase tracking can 
remove, after the fact, link effects during a tracking pass on time scales greater than the 
round trip light travel time. However, there will be a jump in the spacecraft clock when 
multiple passes are connected ( e.g . when the spacecraft is reacquired after passing out of 
sight). These jumps will be equal in magnitude (except for a geometrical factor) to the 
accuracy with which the spacecraft orbit is known. With a GPS receiver and GPS-like 
beacon on a spacecraft, the orbit can be known to a few cm, giving timing jumps on the 
order of 100 picoseconds. Even with a geostationary orbit, these jumps would occur any 
time the link was interrupted due to mechanical or electrical problems. 


I. BACKGROUND 

Flying an on board, high precision clock will introduce cost, mass, and power penalties to 
a mission. Therefore, it is useful to consider the option of phase transfer from a primary 
clock on the ground. Such a process is used for space VLBI, in which a radio telescope 
in earth orbit observes simultaneously with a network of ground radio telescopes. Space 
VLBI observations were successfully conducted using an antenna on a TDRSS satellite in 
1986-1988 (Levy et al . , 1986), and they are planned for the VSOP mission, scheduled for 
launch in Feb. 1997 (Hirabayashi, 1991). VLBI observations (Burke, 1969) require excellent 
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(Hydrogen maser quality) frequency stability on time scales up to ~ 500 s, but are relatively 
insensitive to variations on longer time scales. 


II. PHASE TRANSFER FOR SPACE VLSI 

For the TDRSS space VLBI observations, an existing (non-optimized) system was used 
(Levy et ah, 1989). For VSOP, a customized phase transfer system has been designed, with 
link frequencies in the 15 GHz band (Springett, 1992). A predicted spacecraft orbit (based 
on tracking measurements over the previous week) is used to generate an uplink signal. 
If the predicted orbit were perfect, the received on board signal would be monochromatic 
(ignoring media effects) at the nominal frequency. The 6 hour elliptical orbit of VSOP 
involves spacecraft velocities, relative to a ground tracking station, of up to ±9 km/s. The 
predicted orbit will be accurate to ~ 1 m/s (Estefan, Christensen, and Ellis, 1991). 

The uplink signal is used to phase lock an on board oscillator that has good stability on 
time scales < 1 s. This oscillator is then used 1) to mix the amplified signal from a radio 
source to baseband before it is sampled and digitized, 2) to generate a clock to time tag 
these samples before they are transmitted to the ground, and 3) to generate a downlink 
signal coherent with the uplink. 

The phase of this downlink signal is measured, and compared against the value expected 
from the predicted orbit. The residual phase (Measured— Predicted) is used during VLBI 
data correlation to correct the on board oscillator ‘after the fact.’ Any non-dispersive error 
source on time scales significantly greater than the round trip light travel time (< 0.19 s for 
VSOP) will be corrected. Orbit prediction errors and static troposphere delays fall into this 
category. Analysis has been done on the effect of the earth’s ionosphere (Linfield, 1996b) 
and on fluctuations in the earth’s troposphere (Linfield, 1996a). The conclusion is that 
the coherence of the phase transfer, after correction with round trip measurements, will be 
> 99.5% at 22 GHz (the highest observing frequency of VSOP) over time scales < 1000 s 
(see Thompson, Moran, and Swenson, 1986 for a definition of coherence as applied to VLBI). 
This is much better than the coherence of a hydrogen maser, so that the overall coherence 
of the orbiting telescope will be limited by the ground frequency standard. 


III. ADVANTAGES AND DRAWBACKS 

Using a phase transfer system instead of a precise on board clock on any earth orbiting 
spacecraft would save significant mass, power, complexity, and cost on the spacecraft. The 
on board mass and power requirements for phase transfer are likely to be in the 10 kg and 
10 W range. However, there are some serious drawbacks for most applications. 
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The most serious drawback is that the on board clock can only operate intermittently, 
because it requires two-way communication with a ground tracking station. For the elliptical 
orbit of VSOP (1000 km perigee; 20,000 km apogee), a global network of 5 ground tracking 
stations will allow tracking rs 80% of the time. For a geostationary orbit, one ground station 
could provide 100% coverage; for a low earth orbit, the fractional coverage would be quite 
small with any plausible ground network. In addition, the cost of tracking station time may 
be a significant issue for phase transfer. 

For space VLBI, these two issues are not a concern. The data rate generated during VLBI 
observations is so large (128 Mbit/s for VSOP) that on board storage is not feasible. There- 
fore, a real time downlink to a sizable (> 10 m diameter) ground tracking station is required 
for observations, even with an on board clock. 

When the round trip link is reestablished after a break (such as that due to the spacecraft 
dropping below the horizon at a tracking station), there will be a clock jump, due to the 
uncertainty in the one way light travel time along the spacecraft-tracking station direction. 
With on board GPS receivers and GPS-like beacons, the reconstructed (after the fact) orbit 
error can be as small as ~ 5 cm for a VSOP- like orbit (Wu and Malla, 1994), giving a clock 
jump of ~ 170 picosec. 

A final limitation is that some effects of science interest ( e.g gravitational redshift) require a 
primary frequency standard on board as well as one on the ground, and cannot be measured 
using round trip phase. 
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SUMMARY 


This workshop handout presents DLR’s research activies for ultra-precise clock 
monitoring. We will mainly refer to the so called „H-maser in space" study as part of 
the ExTRAS project funded by ESA in which we investigated the modification of a 
two-way microwave ranging instrument for time transfer purposes. This leeds to the 
introduction of the PRARETIME instrument. The expected accuracies for ground to 
space clock synchronization are presented assuming a H-maser clock onboard the 
Russian Meteor 3-M satellite. 

Because ExTRAS was not continued due to financial constraints, an experimental 
effort has been made to show the PRARE(TIME) capabilities for ultra-precise clock 
synchronization. The outcome of a joint DLR-GFZ measurement campaign using 
PRARE on ERS-2 and GPS is presented here. 


We also want to preview the next planned time experiments, i.e. H-maser on MIR, 
PHARAO and ACES on ISS ALPHA. To monitor future generation clocks in space 
more study work has to be done into ultra-precise time links. A proposal is made 
using the SATRE system to design a time link of the next generation. These results 
can be included in the concept for a future GNSS II. 
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Review on “H-maser in space" study ] 


J , Hahn 



in recent years, significant progress has been made in development of H-maser 
atomic clocks, which are the up to now most stable type of oscillators in the time 
interval range between 10 2 and 10 5 sec. Since serveral years, these clocks are off 
the laboratory and commercially available, and they are more and more used round 
the world for very precise timing applications, such as contributing to the time scales 
of TAI and UTC and time keeping in navigation and ranging systems (we refer mainly 
to [HAHN, J. et al, 1995]). 

To make these ultra-stable clocks usable in space as well, there is a development of 
a space-qualified H-maser funded since several years by the European Space 
Agency ESA for application on a satellite. In consequence, the European and 
Russian Space Agencies ESA and RSA had planned to orbit in a joint technology 
demonstration experiment two space-qualified, active and auto-tuned H-maser 
oscillator clocks. 

A Russian meteorological satellite, the first of the advanced Meteor-3M series, had 
been selected as a candidate mission. The H-maser clocks plus assistant equipment 
payload had been called ExTRAS for Experiment on Time Ranging and Atmospheric 
Sounding. 
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The Extras project proposal 
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The satellite should circle the Earth in a near-polar sun-synchronous orbit at an 
altitude of about 1020 Km and would thus be observable from any point on Earth on 
the basis of a regular schedule. 

Such an experiment would have the potential to serve as a global reference time 
station enabling world-wide time transfer with an accuracy that might be one order of 
magnitude better than the best alternative satellite timing technique currently in use. 


The main objectives of the mission were: 

• in-orbit demonstration and performance verification of space-qualified H- 
masers; 

« time transfer and time dissemination applicable in ultra-precise time 
metrology, satellite communication and navigation, and fundamental 
physics experiments; 

® applications in geodetic and geophysical research activities, mainly precise 
point positioning on ground and orbit determination. 

To make this orbiting ultra-stable time scale available at any station either on ground 
or in space, electromagnetic links have to be established, either in optical (laser) or 
in microwave (radio frequency) range. 


ExTRAS should be cover both options, provided presumbly with the French T a L 2 
equipment ( Time Transfer by Laser Link) on the one hand, and the German 
PRARET1ME system ( Precise Range and Range-rate Equipment modified for TIME 
transfer) on the other hand, both instruments linked coherently to the H-maser 
oscillators (a European and Russian one). 
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In the study, the time transfer possibilities and the achievable time comparison 
accuracy with the microwave signal transmission system PRARETIME, provided with 
the ultra-stable H-maser oscillator, had been detailed. 

Two time transfer methods can be applied to synchronize a space and ground based 
clock: the one- and two-way method. 
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Fundamentals: time transfer methods 


One-Wav 


Two-Wav 



D - clock offset, e.g. space time- lags behind ground time scale 


^ 7 - 
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A time signal is started at a dedicated time U from the satellite. The signal is received 
on ground where the one-way travel time is recorded. After accounting for the signal 
delays on the propagation path the clock offset D between the two clocks can be 
computed. For this the accurate knowledge of the satellite and ground station 
position is necessary. 

In the case of a two-way link the signal after reception on the ground station is 
retransmitted to the satellite, and after arrival the measured two-way travel time can 
be recorded. Combining one- and two-way travel time the clock offset D can be 
computed. The advantage of the two-way over the one-way link is that NO accurate 
position coordinates of the satellite and ground station are needed to compute the 
signal propagation delays of the mainly reciprocal paths and the clock offset D 
respectively. Also the signal delays have to be evaluated in a differential matter only. 

Beiow the signal delays which will be met in a two-way microwave link are presented. 
For evaluation of the ionospheric delay a second frequency is usual applied in the 
down link. 
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PRARE/PRARET1ME 


Simultaneous the figure outlines the principal operation of the PRARE ( Precise 
Range and Range-rate Equipment) instrument. Note: the one-way signal travel time 
is not included presently, and represents a modification for timing purposes as 
identified in the study. 

PRARE is a space-borne two-way three-frequency microwave tracking system which 
performs - in its present design - highly precise range and range-rate measurements 
at sub-decimeter level of accuracy with the assistance of transportable, dedicated 
ground-station transponders more detailed in [HARTL, Ph., 1984], 

In its present status, it is operational onboard the ERS-2 satellite launched in April 
1995, where it is used as main navigation payload for various applications in the field 
of orbit determination, geodesy, and modelling of the atmosphere. 

With its design derived from the time transfer and synchronization equipment 
MITREX, the instrument offers already in its present status all necessary features for 
highly precise time transfer purposes. 

The main technical features of PRARE can be obtained from the next figure. 
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The realisation: PRARE instrument system main characteristics 


X-band downlink 

8489 MHz 1 

10 Mbits/sec BPSK (bandwidth 10 MHz) 

1 watt transmit power 

S-band downlink 

2248 MHz 

1 Mbits/sec BPSK (bandwidth 1 MHz) 
1 watt transmit power 

ground transponder 

coherent, 60 cm parabolic dish 

X-band uplink 

7225.296 MHz 

10 Mbits/sec BPSK (bandwidth 10 MHz) 
5 watts transmit power 

satellite antennas 

crossed dipoles at X- and S-band 



The instrument’s measurement principle is based on two-way group delay and carrier 
phase measurements of spread-spectrum modulated, PN-coded microwave signals 
in X- and S-band. In X-band, the code length is 10.000 chips, in S-band 2.000 chips. 
The codes are repeated 998 times per second in X-band and 499 times in S-band, 
followed by 2 respectively 1 specifically modulated PN-sequences forming a 1 pps 
time mark. The measurement rate is, therefor, 1 ms in X- and 2 ms in S-band, wheras 
the chip length is 100 ns in X- and 1 |is in S-band. Data storage is carried out once 
per second, because the instrument is autonomously averaging and integrating over 
this period to reduce noise jitter and to improve system stability. 

Below the X- and S-band ranging code structures are presented. 

By taking advantage of the code-multiplexing technique realizable with PN-codes, up 
to four ground stations can be tracked simultaneously by the onboard equipment’s 
four parallel receiver channels. As a result of the two-way technique, all 
measurements are referenced to one single reference frequency, the onboard 
instrument’s main clock oscillation. This is the main reason for the very good overall 
measurement precision and accuracy of this system. 

The instrument collects autonomously all data provided by the ground-station uplinks 
and processes it together with the measurement results centrally in the main 
processor. Measurement, telecommand, and telemetry data transmission in both 
directions (space - ground and ground - space) is performed by mod(2)-addition of 
the appropriately coded information onto the PN-code sequence. PRARE data rates 
are 2, 4, 5, 8, or 10 kbits per second. In present design, only the data rates 2 and 4 
kbits/s are used; this is sufficient for real-time transmission of the measurement 
results of all four channels, for continuous transmission of about' 120 telemetry 
values (temperatures, voltages, power amplitudes, ...), and for reception of ground 
commands. 
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In the modified PRARE design projected for EXTRAS, the remaining data 
transmission reserve will be used for transmission of additional data. Two-way clock 
comparison is entierly reliant on exchange of the measurement results obtained 
onboard with the ground station, and vice versa. The fact that, even in highest data 
transmission mode of 10 kbits/s, the resulting data/chip ratio is 1:1000 (X-band), 
guarantees easy code correlation and data decoding. Thus no changing of the 
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existing code and carrier schemes wiil become necessary; this enables compatibility 
of a modified PRARE with the existing ground-station network. The next figure shows 
the structure of a PRARE second-frame including the data modulation sections, and 
it summarizes the overall data modulation scheme. 
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The onboard equipment (mass 19 kg, power consumption 32 watts in present 
design) performs the two-way measurements in X-Band (signal flow: space - ground 
- space). Additionally, it transmits coherent signals in S-Band for ionospheric error 
correcting purposes and for data transfer redundancy (signal flow: space - ground). 
The dedicated ground-stations are small, mobile units. At X-Band, they work as 
regenerative and coherent transponders, at S-band, they are receivers for the 
transmitted signals performing measurement of the difference of the time-of-arrival of 
both signals which is the direct measure of the total electron content of the 
transmission path. 

The procedure to perform two-way measurements is as follows: Transmission of X- 
band signals starts aboard, time-tagged by the onboard oscillator, as soon as the 
satellite is within the line-of-sight of a ground-station (above 10 deg elevation angle). 
After completion of the acquisition phase, the precise tracking begins above 30 deg 
elevation angle. 

The PN-coded signals are received by the ground-station which generates itself, 
time-tagged by its clock, coherent PN-codes. The received PN-codes are locked to 
the on ground generated codes, demodulated, and the PN-sequence remodulates 
the X-Band uplink transmitter (regenerative transponder). The cleaned signal is then 
sent up back to the space-segment. 

The transponders being at the same time coherent, the carrier frequency of the 
uplink is in the fixed phase relationship of 749/880 to the down-link carrier frequency. 
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On-board, the instrument is therefore able to measure both the two-way travel time 
and the received twice Doppler-shifted signal very precisely by comparing the phase 
of the received signal to the phase of the on-board instrument clock (DLL and PLL 
techniques). The overall accuracy results mainly from this two-way configuration of 
the measurement system which eliminates most clock error terms. 

It should be denoted again: what the PRARE instrument really measures, is the time 
delay of the returning code signal with respect to the transmitted signal. Multiplied by 
the velocity of light, this delay represents the two-way range, whereas, in 
combination with the one-way delay time measurement on ground and with the 
respective clock time readings of the two measurements, it gives immediately the 
clock offset D of the two clocks. 

For registration of signal delay within the instrument transmitter and receiver 
channels, there is a built-in test transponder which measures the internal delay time 
prior and after ground-station contacts. Together with the scientific measurement 
data, they are stored inside the instrument. Used for total delay measurement 
correction, they allow additionally to monitor long term stability and performance 
dependencies. 

For ionospheric error correction, the coherently downlinked PN-sequences of the X- 
and the S-band are demodulated in the ground-station. The 10 MHz PN-Code of the 
X-band down-link is compared to the corresponding 1 MHz PN-code of the S-Band. 
The time difference is a measure for the total electron content of the ionospheric 
path. The delay value is sent up to the satellite together with the meteorological data 
and the housekeeping values of the ground-station including its internal signal delay 
time. 

Together with the other correction terms, which are all stored centrally in the onboard 
instrument memory, immediate evaluation of the true geometric range respectively 
the current clock desynchronization are calculated. 


The overall measurement precision of the existing PRARE system is as follows (i.e. 
PRARE onboard ERS-2): 
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noise values 

2.5 cm RMS for X-band ranging (1 measurement/sec.),: 
0.05 mm/sec RMS for X-band Doppler (30 sec 
integration time, 90° elevation) 

hardware bias 

< 1 cm for X-band 

total ranging accuracy 

3 ... 7 cm RMS (1 sec integration time) 

total range-rate 

accuracy 

0.05 mm/sec RMS (30 sec integration time) 


During the study an attempt has been made to identify and quantify all error sources 
influencing the clock synchronization. 
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TIME TRANSFER WITH P RARETIME 


The crucial parameter for the accuracy of two-way microwave time transfer is the 
precise determination of the asymmetries of the down- and of the uplink signal 
transmission paths. The existing PRARE instrument does only round-trip, i.e. two- 
way measurements, which do not allow to distinguish between the two directions. 
This must be fulfilled by additional one-way signal delay measurement of one of the 
paths which can only be provided by a second atomic clock standard on ground. 

In the current PRARE system layout, only the GFZ Master Ground Station (GFZ - 
GeoForschungsZentrum Potsdam with its branch in Oberpfaffenhofen), which is 
responsible for final data collection and processing, is equipped with an atomic clock 
and with the necessary one-way delay time measurement facilities. This way, the 
station is able to time-tag the measurements collected by the PRARE instrument to 
UTC and to make them utilizable for the geodetic user community. The overall time 
system is, however, currently designed to provide a conformity to UTC of only 1 ms, 
which is sufficient for the long-term averaged orbit determination and point 
positioning purposes the geodetic users require. 

It should be emphasized here again: although its design is in principle adequate for 
two-way time transfer, the PRARE system is - in its present form - not usable for the 
wished immediate, ultra-precise time dissemination and clock comparison. Besides 
the fact that the potential user has to be equipped with a modified PRARE ground 
station, which must be able to provide a one-way (downlink) clock signal received 
from the onboard segment to be compared to the user’s clock signal by TIC 
measurement, the software routines and the code data signals for continuous, ultra- 
precise, two-way space-clock monitoring and correction are presently not 
implemented. 

As a second fact, it must be repeated here that the present PRARE instrument is not 
in all its elements of the signal transmission chain as accurately designed as it is 
necessary to achieve the desired figures. Careful analyses of data available from 
PRARE on Meteor-3 showed a clock comparison accuracy of better than 2.5 ns 
which is indeed a very good value compared to other time transfer techniques in use, 
but it does not meet the required accuracies and the precision potential the PRARE 
system offers. 

The points for instrument respectively system improvement are summarized here: 

• The modified PRARE instrument PRARETIME must have access to the H-maser’s 
very stable oscillation output. This includes delay time variation control of the 
elements connecting H-maser output with PRARETIME instrument input. 

® The instrument’s internal signal transmitter and receiver chains (signal generation 
and modulation, amplification, plugs, cables) have to be calibrated seperately prior 
to launch, and they have to be monitored independently in-flight by a modified 
internal test-transponder. 

® Transmitter carrier and signal generation inside the instrument have to be 
stabilized by including output amplification and filter within the control loop. 
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® Asymmetry of the down- and the uplink paths has to be determined by appropriate 
one-way travel time measurement on ground: atomic oscillator + high-quality time 
interval counter + routine data evaluation software. 

® Additional data, which is to be transmitted in near real-time in both directions, 
must be appropriately coded and included in the existing data transmission 
structure to ensure compatibility of PRARETIME with the existing ground-station 
network. 

As a last point, some comments on the instrument’s range-rate measurements, i.e. 
the onboard carrier phase correlation, should be made. In present design, carrier 
phase measurement of the returning signal is not realized to full extent. The twice 
Doppler-shifted signal is phase-locked to the onboard receiver frequency, which is 
shifted itself due to the a-priori knowledge of the expected Doppler. Pre-calculated by 
onboard ephemeris software, and phase-locked to the incoming signal, the receiver 
carrier phase is finally registered by means of a Doppler counter. 

Residual noise is much less on carrier than on code phase because of the much 
higher frequency. For utmost precision, instrument design could, therefore, be 
changed with respect to an improved Doppler phase measurement resolution, or 
even by introduction of real carrier phase measurement. By these means, full access 
to the important carrier phase information could be gained which would result in an 
even better overall performance utilising cross-correlation techniques. 

It must be noticed, however, that this modification would only come into effect, if all 
other proposed points of improvement are realized first, i.e. mainly improved signal 
stability and hardware calibration. With respect to diverse practical experiences 
gained so far concerning this problem, it seems that here the crucial point for ultra- 
precise time transfer has been identified. Only when hardware calibration efforts 
come into the accuracy range of residual carrier phase noise, measurement and 
evaluation of this parameter becomes useful. 


Some estimated accuracies of PRARETIME + H-maser, the study results and their 
applications can be found below. 
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in the study work also a possible one-way mode has been quantfied. 
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total accuracy = method accuracy + external uncertainties 
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NAVEX 


In April 1981 DLR’s NAVEX proposal was accepted by NASA as an experiment of 
mission D1, and project work began. The general objective of NAVEX was to gain 
experience with new techniques and problems of the new generation of satellite 
navigation systems coming up. This seemed the more desirable since in western 
Europe no experience with satellite navigation systems existed at that time. Spacelab 
offered a unique opportunity to change this situation quickly and at a comparatively 
low expenditure. Beyond this the chance for a relativity experiment was given, 
provided t hat all technical tes ts procee ded well [S TARKE R, S. et al, 1990]. 
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PRARE on ERS-2 


Unfortunatly the ExTRAS project was not funded by ESA. To test the above 
described two-way clock comparison method, an experiment has been planned 
between DLR and GFZ in 1995 performing a “Common View” (CV) ground clock 
synchronization scenario by means of PRARE onboard ERS-2 and GPS time 
receivers [HAHN, J., BEDRICH, S., 1996]. For DLR it was the first experiment with 
PRARE equipment data. The main goal of this experiment was clock comparison via 
two-way microwave time links. Existing systems like MITREX use geostationary 
satellites (GEO) for this purpose. But a GEO only covers a certain area of the Earth. 
For global time comparison operation or time dissemination a polar orbiting reference 
has to be used. Two-way clock synchronization using an orbiting time reference has 
been studied 

During the measurement campaign two different clock comparison techniques have 
been used simultaneously: clock comparison via 

• GPS CV and 

• PRARE instrument onboard ERS-2. 

These methods are outlined here briefly. 


GPS-”Common View” 


The GPS CV is a well proved time comparison method of remote clocks using the 
BIPM GPS tracking schedule. Following this schedule, all participating time receivers 
monitor a dedicated GPS satellite clock simultaneously. 
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Each GPS time receiver with its reference clock REF, records the time difference 
(REFrSVj) m averaged over a certain interval (780 sec) at time t m , where j is the 
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pseudo range number of GPS satellite SV. Data correction accounting for 
ionospheric, tropospheric, relativistic and range delays are implemented in the 
receiver with different effort. 

By exchange and subtracting the recorded files the clocks REFj and REF k can be 
synchronized respectively. Repeating this procedure for any available time t m , t m +u 
t m + 2 , ... the rate R between the clocks can be computed over a certain time interval. 
The accuracy for this comparison method is around 3.6 ns following [Lewandowski, 
W„ THOMAS, C., 1991]. 

PRARE Clock Comparison 

The two-way clock comparison principle with PRARE / PRARETIME has been given 
above. Now, synchronization of remote G/C’s mutually is possible by CV observation 
of the S/C. When subtracting the computed clock offsets at two distant sites the 
clock offset between the ground clocks can be calculated. 
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Experimental Setup 

The figure presents an overview of the experimental setup with ground station sites 
in DLR’s branch in Lichtenau near Weilheim and GFZ’s branch in Oberpfaffenhofen 
near Munich. Each station was equipped with an appropriate PRARE station and 
GPS time receiver. 
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Next the principal structure of the experimental setup in DLR’s branch in Lichtenau 
can be obtained. The reference clock, a H-maser CHI -75 of Russian company 
“KVARZ” is located in a climatic room in the basement. The GPS time receiver AO 
TTR6 operates in the time lab where the TIC for the one-way measurement is placed 
too. The PRARE processor with antenna dish at roof is connected via cable to the 
TIC in the time lab. 


The setup in GFZ's branch in Oberpfaffenhofen corresponds particular/ to the 
PRARE Master Station configuration. The reference clock is represented by a Rb- 
clock in phase locked redundancy by EFRATOM which is DCF-77 disciplined to 
follow the UTC(PTB) time scale, cf. [BEDRICH, S., FLECHTNER, F. 1996], Also a 
GPS time receiver AO TTR6 with a TIC for registration of one-way measurements is 
located in the operation room. The PRARE processor with antenna dish at roof is 
connected via cable to the TIC in the operation room. 
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Data Evaluation: 


GPS-CV 


Deutsche Forschungsanstatt (ur Luft- und Raumfahrt e.V. 

Institut fur Hochfrequenztechnik 

GPS “Common View' between DLR's H-maser and GFZ’s Rb-clocK (PCF77 disciplined) 
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range and Pop 


• date and time of event; 

• azimuth and elevation at ground station; 

• air pressure, air temperature, air humidity at ground station; 

• tropospheric refraction correction (2-way); 

• ionospheric correction (2-way); 

• satellite centre of mass corection (2-way); 

• onboard PRARE antenna phase centre correction (2-way); 

• ground station mechanical centre correction (2-way); 

• extrenal calibration correction (2-way); 

• X-band versus S-band travel delay measurement (1-way, space to ground); 


J. Hahn 
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An example of two-way clock comparison between the H-maser reference in 
Lichtenau and PRARE onboard clock (ERS-2) during a 600 sec pass on 25 
November 1995 is presented. Here the rate of the PRARE oscillator can be 
identified; it includes relativistic effects which have not been accounted for yet. 








In the following, the results of the differential data processing of the PRARE pass 
from 25 November 1995 are presented. The pass had a duration of about 650 sec. 
Data points calculated are smoothed over 30 sec. The standard deviation from the 
linear regression line is given by a figure of 770 ps (1o). To compare the processed 
time offset with the GPS CV results, the midpoint of the regression line has been 
determined to be D™ (t m = 75878 sec of 25 Nov 1 995) = 4485.66 ns. 

For the time corresponding to the above evaluated midpoint GPS CV clock data 
have been processed in the following manner: For the 25 November 1 995 a linear 
regression line has been computed. The clock offset corresponding to the midpoint 
of PRARE pass has been evaluated by interpolation to be D 1 ° re_cl, (t m = 75878 sec of 
25 Nov 1 995) = 4550.63 ns. Here the standard deviation from the linear regression 
line is given by a figure of 8.91 ns (1 a). 

With a great number of other PRARE CV data processings the fact could be verified 
that the precision of PRARE two-way clock comparison in present design is always 
around 1 ns. 
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Two-Way Clock Comparison DLR - GFZ. 25.1 1 .95 via PRARE on ERS-2 (smoothed over 30 sec) 



75575 75625 75675 75725 75775 75825 75875 79325 79375 76025 75075 76125 76175 

**c ofday 


ikoLR 


250 



Deutsche Forschungsanstalt fur tuft- und Raumfahrt e.V. 

Institut fOr Hochfrequenztechnik 

Results 



25.11.95, sec 75878 HS9H9HSI 


PRARE differential clock comparison (DLR - GFZ): H-.'. - \ 


D = 4485.66 ns, standard deviation: 770 ps (1o) .*■ . - ■■ 


GPS CV (DLR-GFZ): 


D = 4550.63 ns, standard deviation: 8.91 ns (1c) 

■ 

J. Hahn 

-jd- 

* DLR 


Deutsche Forschungsanstalt fur tuft- und Raumfahrt e.V. 
Institut fur Hochfrequenztechnik 




I • uncertainly of time offset between the GPS time receivers: 
j V.the calibration measurement was not sufficient for accurate 
GPS calibration; ";V 

* missing one-way travel time calibration of the PRARE ground stations. 
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Conclusion 


• differential two-way clock comparison by means of PRARE onboard ERS-2 is presently 
possible with a precision of around 1 ns; 

• a similiar figure is expected for space to ground clock comparison; 

• achievable accuracy is supposed to be of the same order; 

experiment output: 

• possibility of highly accurate global clock comparison and time transfer 

if a two-way time and ranging system of PRARE like type is carried onboard 
a polar orbiting satellite; 

• application for synchronization purposes within future navigation satellite systems. 


Y DLR 


Differential two-way clock comparison (ground to ground) by means of PRARE 
onboard ERS-2 is presently possible with a precision of around 1 ns. A similiar figure 
is expected for space to ground clock comparison causing from the two-way 
principle. The achievable accuracy which is supposed to be of the same order must 
be further investigated. Due to time constraints this matter could not discussed finally 
(calibration problems with GPS). 

The experiment emphasizes the possibility of highly accurate global clock 
comparison and time transfer if a two-way time and ranging system of PRARE like 
type is carried onboard a polar orbiting satellite. The results point out that in 
conjunction with an ultrastable onboard reference this configuration could be applied 
for clock synchronization within future satellite navigation systems (GNSS I and II) 
and for benefit of the whole time comm unity. 
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H-maser on MIR 

An atomic hydrogen maser clock system designed for long term operation in space 
will be installed on the Russian space station, MIR, in late 1997 [MATTISON, E.M., 
VESSOT, R.F.C., 1996], 
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The H-maser’s frequency stability will be measured using pulsed laser time transfer 
techniques. Daily time comparisons made with a precision of better than 1 00 ps will 
allow an assessment of the long-term stability of the space maser at a level on the 
order of 1 part in 10 15 or better. Laser pulse arrival times at the spacecraft will be 
recorded with a resolution of 10 ps relative to the space clock’s time scale. Cube 
reflectors will reflect the pulses back to the Earth laser station to determine the 
propagation delay and enable comparison with the Earth-based time scale. Data for 
relativistic and gravitational frequency corrections will be obtained from a GPS 
receiver. 

Unfortunatly no microwave link has been included in the experimental 
setup what would offer much more possibilities for research on this 
matter. 


PHARAO 

In 1994, the French space agency (CNES) decided to support a preliminary research 
program on a space frequency standard using cold atoms, cf. [CHANGEART, F.J., 
1996]. Three laboratories are cooperationg for the construction of a prototype which 
will be tested in aircraft parabolic flights. Simultaneously, studies on local oscillator, 
frequency synthesis chains, microwave cavity modeling and time-frequency transfer 
are being performed. 
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PHARAO fProiet ri'Hortoge Atomioue par Refroidissement rf’Atomes en Orbite) 


development under CNES . ...i : 

ENS (Ecole Nonmale Superieure) / LKB (Laboratoire Kastler-Brossel), 

BNM (Bureau National de Metrologie/ LPTF(Laboratoire Primairedu Temps etdes Frequences), 
LHA (Laboratoire de I'Horloge Atomique) 

supported by French Space Agency (CNES) 
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PHARAO 


• demonstration of a clock running with laser cooled atoms in micro-gravity conditions and 
determination of its performances. (10' 3 r 12 ; one day: 3 10’ 6 , 30 ps); 

open a new era of space missions using ultra-stable clocks as space VLBI, high precision 
measurement of the sun gravitational potential to second order (quadrupole term) or of the 
Shapiro delay as proposed in the SORT mission; 

for realization either fly two identical systems to make frequency comparisons or use high 
performance two-way time and frequency transfer systems with Earth based clcoks of similar 
performances; 

• measurement of the gravitational red-shift with a potential 100-fold improvement over the 
GPA experiment (1976); 

• global time and frequency dissemination. 



A crucial factor in the use of a space frequency standard is the quality of the 
frequency comparison between the onboard clock and frequency standards on 
Earth. In order to transfer this space clock performance, a 10' 16 accuracy is required. 
Today, GPS is in the 10" 14 - 10' 15 range and two-way links are in the 10" 15 range. At 
least a one order of magnitude improvement is needed. An optical link using ps-laser 
pulses is being developed by the Observatoire de la Cote d’ Azur, with an expected 
accuracy of 10 16 

However, by contrast to the optical link, the micro-wave links has the 
advantage of being independent of weather conditions and can allow a 
continuous link with the space clock. 


ACES 

For the International Space Station ALPHA (ISSA) an atomic clock ensemble in 
space has been discussed [VEILLET, Ch., 1995]. ACES ( Atomic Clock Ensemble in 
Space) is both a test of technology using ISSA for an operational use on other 
spacecrafts and an experiment by itself on ISSA. For ISSA a H-maser, cooled atom 
clock and trapped ion clock monitored by an optical and microwave link respectively 
have been proposed. 

Clearly it is outlined in the report: 

ML, the micowave link has been studied by Vessot in its parabolic flight 
of a H-maser in 1976. On ISSA however, the method has to be 
modified, as it is impossible to observe ACES continuously from the 
ground. The phase is lost from an ISSA pass to the next one some time 
later. A microwave link able to transfer time, and not just the frequency, 
has to be used. Various possibilities are under study, but none has 
been tested yet. And: ML is not ready. Studies and investments will 
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have to be made, and some of them are already undertaken. In 
Europe, the microwave link should be studied also in cooperation with 
Germany. 
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SATRE system 


!n 1983 the University of Berlin developed and manufactured a time transfer-modem 
using the spread spectrum technique. The Microwave Time and Range Experiment 
MITREX was designed to operate with Telecom-satellites and ground stations using 
a carrier frequency of 70 MHz [MITREX 2500A, 1989]. 

The new developed SAtellite Time and Range Equipment SATRE introduces great 
improvements in accuracy and usage [DIENERT, M., 1992]. The SATRE modem 
allows very precise synchronization of remote clocks. Accuracies of 0.7 ns are well 
within the capabilities of the system with a precision as high as 30 ps [SATRE, 1995]. 
These values are obtainable within the first minutes of operation. Intercontinental 
links are possible using geosynchronous communication satellites. 

For the instrument no special communication channel is needed, it is possible to 
transmit the time synchronization signals of the modem over a busy transponder, in 
this manner, the telecommunication signal performance is not degraded. The 
equipment is not susceptible to ionospheric errors and military secrecy. SATRE- 
modems deal with two-way time comparison measurements for synchronizing two 
remote ground clocks via a geosynchronous direct TV-broadcasting satellite. 

Aside from the time transfer the pseudo-noise signal of SATRE can be used for 
ranging. In both cases, it is not necessary to have special instrumentation aboard the 
satellite or any modification of its transponders. 
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Two-way measurements of a ground station by means of SATRE-modem via 
satellite with its own signal lead to the slant range measurement between ground 
station and satellite. This transmitted pseudo-noise signal can also be used to 
disseminate time synchronization signals to be received and processed by the new 
developed SATRE-TIME instrument. This equipment represents a receiver only 
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modem generating an ultra-stable time scale for the one-way user. SATRE-TIME 
generates an ultra-stable time scale using time synchronization signals, and precise 
position from a dedicated direct TV-broadcasting satellite. 

The out- and input carrier frequency of the SATRE-modem are equal to the IF of TV- 
Station, the ranging signals are transfered via the RF-carrier frequency of the TV- 
signal. The chip rate of SATRE is 20 Mchips corresponding to 30 MHz transmitter 
bandwith. 

The SATRE modem can be expanded to contain up to four receiver channels which 
operate independently and simultaneously. The system can be freely configured. For 
example, one channel can be assigned to receive the own re-transmitted signal and 
the remaining three channels can receive signals from remote sites. The unique 
combination of time and data (500 bit/sec) transmission in one instrument allows 
efficient time synchronisation and maintenance of large network [SATRE, 1995]. 


Using SATRE for the future 

SATRE is a ground based equipment. It was induced from the MITREX and PRARE 
system architecture. This modem represents the state of the art in ultra-precise 
remote clock comparison using PN-codes and spread spectrum technology. 


It should be possible to use the technical advantage of the SATRE 
system to create a new space based two-way microwave equipment. 


Deutsche Forschungsanstalt fur Luft- und Raumfahrt e.V. 

Institut fur Hochfrequenztechnik 

Using MITRFX/PRARE/SATRE experience lo construe! a new two-way MW time Iranster instrument 






• development of onboard processor, 
ground station; 

• ultra-stable local reference (H-maser); 

• more independence from PRARE 
ground network (could be used for orbit 
determination); 

• ALL data have to be available at the ground 
station site, real-time processing; 


J.Hslw 



All lessons learned with PRARE(TIME) have to be included in such a process. This 
concerns the technical aspects to develop either the onboard processor and the 
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ground station. The instrument must be designed to operate with an ultra-stable 
onboard oscillator, at least a H-maser clock. 

Also to meet the requirements of the timing community the new system should be 
more independent from the current PRARE ground station network. This network is 
worldwide established and operates in order to solve problems in the field of orbit 
determination, geodesy, and modelling of the atmosphere. It should be applied to 
calculate the orbit of the satellite carrying the new system. 

The generation of the system’s time scale to be disseminated or investigated should 
be a concern of the timing community. Here accurate two-way space clock 
monitoring is necessary. It is essential, that all data needed for time transfer 
operations must be available at the ground station site and thus have to be 
processed there in real-time. 

In the development of such a new system concept and equipment DLR would 
commit all of its experience in this field and generally offers its readiness to 
cooperate with other institutions and companies. 


Such a new system proposed here could be implemented in a future GNSS II. 
Installed onboard a suitable satellite platform (for example polar orbit) it could satisfy 
the needs either of the navigation users and of the timing commuity, i.e. ultra-precise 
access to an ultra-stable, global available time reference. 
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P oss ibl e prWinq time refere n ce wi t hin a f uture Q N SS II 



• one global orbiting space clock synchronizes the whole system 

• ultra-precise access using two-way microwave link 

• expected synchronization accuracy better than 1 ns. 
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